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The research of catalytic synthesis of methanol and other higher alcohols from CO 
hydrogenation has received great attention since 1980s.  The focus of this research is to 
establish a better fundamental insight into heterogeneous metal catalysts for oxygenate 
(especially alcohol) synthesis by CO hydrogenation. 
Co-based catalysts have been reported widely as the high-performance Fischer-
Tropsch Synthesis (FTS) catalysts.  The solid base, hydrotalcite (HT), using as a support 
for Co catalysts resulted in higher activity for CO hydrogenation comparing to other 
supports (pre-calcined hydrotalcite, MgO and Al2O3).  The activities of Co/HT reduced at 
different reduction temperatures (300-600oC) were also compared.  Reduction at 500oC 
resulted in the highest activity.  However, CH4 selectivity also enhanced.  It was found 
that the thermal stability properties of hydrotalcite, BET surface area, particle size of Co, 
the interaction between Co and the support, and the reducibility of Co were all important 
in governing the catalytic performance of the Co catalysts for CO hydrogenation.   
A comparison of the relationship of H2 or CO chemisorption measurements at 25–
100oC to similar results measured under CO hydrogenation conditions by steady-state 
isotopic transient kinetic analysis (SSITKA) is made for a wide variety of Group VIII 
metal catalysts.  The ratio NT
*/Nchem (amount of chemisorption by SSITKA vs. by static 
chemisorptions) was found to be close to unity for most Co catalysts.  SSITKA can, thus, 
be applied as a complementary technique to static chemisorption, TEM and XRD for 
better understanding of metal dispersion and the availability of metal surface active sites 
for Co catalysts with wide variety of promoters/supports.  However, the application of 
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SSITKA for characterizing metal dispersion for the other metal is limited at this time. 
The effects of individual components and an Al2O3 support on CuZnO for methanol 
(MeOH) synthesis were investigated at a site level using SSITKA for the first time.  
Surface reaction parameters for MeOH and dimethyl-ether (DME) were corrected for 
readsorption effects.  SSITKA results suggested that CuZnO-based catalysts exhibited 
higher MeOH formation rates due to both higher intrinsic site activities and higher 
concentrations of active surface intermediates.  The presence of ZnO seems to decrease 
the hydrocarbon formation ability of Cu.  The synergy between Cu and ZnO was 
surprisingly less than an order-of-magnitude improvement based on MeOH TOFITK (a 
measure of site activity for MeOH formaiton). 
The addition of Co into CuZnO has been investigated for the effect of component 
interaction on the synthesis of hydrocarbons and oxygenates during CO hydrogenation.  
The relationships between the surface kinetics of formation of the various products were 
investigated for the first time using multiproduct SSITKA.  CO hydrogenation and 
SSITKA were carried out in a fixed-bed differential reactor at 250oC and 1.8 atm.  The 
SSITKA results showed that Cu can decrease the activity for all products probably due to 
blockage by Cu of the Co surface.  ZnO appears to serve as a support/dispersion agent for 
Co, keeping Co highly dispersed and active for hydrocarbon and higher oxygenate 
synthesis.  However, the effects for Cu and ZnO with Co were not additive.  The Co-Cu-
ZnO combination resulted in a synergy that maintain the oxygenate synthesis ability of 
highly dispersed Co (such as Co/Al2O3) while decreasing the ability to make 
hydrocarbons by loss of hydrocarbon sites.  Interestingly, the rate of synthesis for C2 
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oxygenates on Co/CuZnO was the essentially the same to that on Co/Al2O3- but without 
the high production/rate of hydrocarbons.  Co/CuZnO is thus a selective but not an active 
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1 
CHAPTER ONE  
INTRODUCTION 
 
Alternative fuels and chemicals are being sought to improve environmental quality 
and increase energy efficiency by the development of novel technologies for the 
production of synthetic fuels and chemicals using renewable energy sources such as 
biomass.  Oxygenates, such as alcohols, are considered as potential gasoline alternatives 
and solutions to the energy crisis in the future due to their lower costs and low pollution 
emissions in use.  Alcohols are, currently, produced mainly (> 90%) by the fermentation 
of biomass-derived sugars, which are not energy efficient nor environmentally friendly.  
The process of alcohol synthesis by syngas (CO + H2) could produce in large scale.  
However, the improvement of catalytic conversion of syngas to alcohol is still 
challenging.  No commercial process is developed nowadays although the research on 
this topic has been studied for more than 90 years.  
Catalytic hydrogenation of carbon monoxides has been widely studied and is known 
as one of the direct routes for converting syngas to usefel chemicals such as hydrocarbons 
and oxygenates.  In recent years, the availability of biomass and the great amount of 
research on Fischer-Tropsch synthesis (FTS) make it potentially to be employed to 
produce hydrocarbons (HCs) commercially.  The development of FTS catalyst is unique 
in this field of heterogeneous catalysis due to the focus of avoiding undesirable by-
products from the variation of the product distribution.  An ultimate goal for the 
development of FTS is to design catalysts with both high reactivity and selectivity. 
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The heterogeneous catalysts employed for the synthesis of methanol or higher 
alcohols could be roughly classified into two categories: (1) noble metal-based and (2) 
non-noble metal based catalysts.  The noble metal-based catalysts are primarily rhodium 
(Rh) supported catalysts while the non-noble metal based catalysts are usually further 
classified as modified methanol synthesis catalysts, modified FTS catalysts and MoS2-
based catalysts.   
Rh-based catalysts have been shown to have high activity for the synthesis of C2+ 
oxygenates due to the unique carbon monoxide adsorption behavior on Rh.  However, the 
industrial application of supported Rh catalysts was limited to the low conversion and 
high cost.  CuZnO catalyst system is well established as the leading industrial for 
methanol synthesis.  However, the production process still poses great challenges: the 
reaction conversion is seriously limited by the reaction thermodynamics.  Cobalt, iron 
and ruthenium are considered as the most favorable metals for FTS due to their high 
activity, high selectivity to linear paraffins and low water-gas shift reaction (WGSR) 
activity.  Among them, Co-based catalysts generally produce a relatively high yield in 
long chain HCs.  This behavior could be attributed to the ability of the catalyst to 
readsorb the produced olefins in the metallic centers, and thus increasing the chain length. 
The objective of this study was to develop CoCuZnO-based catalysts for selective 
oxygenate synthesis from synthesis gas.  Based on the results of previous research, a 
number of supports were investigated for Co-based catalysts in this research and it was 
found that Hydrotalcite (HT) could lead to the highest activities for Co catalyst.  
However, the selectivities for oxygenates were still pretty low.  CuZnO-based catalysts 
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have been investigated for the effects of component and support for methanol (MeOH) 
synthesis.  Finally, the products, including HCs and oxygenates, were studied for 
catalysts combining all Co, Cu and ZnO components at the site level by the application of 
SSITKA (Steady State Isotopic Transient Analysis).  The comparison of chemisorption 




CHAPTER TWO  
BACKGROUND 
 
Increasing concerns for the depletion of fossil fuel resources, global climate change 
and the rising prices of crude oil have made energy one of the central problems.  The use 
of oxygenates (such as ethers or alcohols) as major sources of gasoline additives or 
alternative fuels have attracted great attention recently. 
 
2.1 Reasons for Oxygenates 
The International Energy Administration estimated that the world energy 
consumption will increase from 447 quadrillion Btu in 2004 to 702 quadrillion Btu in 
2030 [1].  The majority of energy will be expected to be produced from fossil fuels [1-3].  
Consequently, the world oil consumption is estimated to increase from 80 million barrels 
per day in 2003 to 118 million barrels per day in 2030, as shown in Figure 2.1.  However, 
crude oil concentrated only in very limited regions around the world and the amount of 
reserve is declining significantly.  Therefore, the interests for the research of the 




Figure 2.1 Total energy production and consumption, 1980-2030 (quadrillion Btu) [4] 
 
Biomass feedstock, such as inexpensive forestry or agriculture residues, plays crucial 
role in developing alternatives for fossil fuels.  There are several advantages for 
developing liquid biofuel based on these low-cost raw materials: (1) Reduce of the 
dependence for imported oil from using the renewable sources, such as agricultural crops; 
(2) oxygenated fuels, such as ethanol, burn more cleanly than fossil fuels, alleviating 
environmental concerns such as greenhouse effect and toxic NOx emissions [7].   
The use of oxygenates as gasoline additives are widely in the United States (U.S.) and 
some other countries.  Fuel oxygenates can be divided into two chemical categories: 
ethers and alcohols.  Ether oxygenates include methyl tert-butyl ether (MTBE), ethyl tert-
butyl ether (ETBE), tert-amyl methyl ether (TAME), and diisopropyl ether (DIPE). 
Alcohol oxygenates include ethanol (EtOH), tert-butyl alcohol (TBA), and methanol 
(MeOH) [8]. 
Ethanol has been proposed to be one of the mostly used oxygenates in United States.  
It has been studied that the use of ethanol as a fuel in automobiles can provide the same 
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chemical energy as that of gasoline but with less environmental pollutants as well as less 
emissions of greenhouse gases, especially when ethanol is synthesized from cellulose 
rather than from cornstarch [9].  Ethanol is also being considered as a potential source of 
renewable hydrogen in fuel cell applications very recently [10-12].  Based on these facts, 
there is an increasing worldwide interest in the production of ethanol from biomass, and 
possibly from other available carbonaceous compounds such as coal without CO2 
emission.  The use of ethanol could be potentially as an alternative fuel for transportation 
and as H2 carrier in the future.  The later on sections in this chapter will be particular 
focus on alcohol, especially ethanol, introduction. 
  
2.2 Alcohol Production 
2.2.1 Fermentation  
Currently, alcohols are produced by two main processes: (1) fermentation of sugars 
derived from corn or sugar cane and (2) hydration of petroleum-based ethylene.  Figure 
2.2, for example, showed an overall picture for ethanol production [13].  Although the 
fermentation route is commercially applied for the production of the most of the alcohols 
today, the production of fuel-grade alcohols is still a high-cost and energy-efficient 
process because the process includes energy intensive distillation steps [14].  Besides, the 
fermentation process is not appropriate for sugar derived from forestry biomass or 
lignocelluloses because they have significant portion of 5-carbon pentose sugars which 
are not completely metabolized into alcohol [15].  In addition, despite the advantages of 
high selectivity and domestically available, fermentation processes are actually 
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characterized by low reaction rate, difficult product separation, and especially 
energetically inefficiency (For example, nearly 70% energy are required to produce 
ethanol than the energy actually in ethanol).  Current fermentation process is limited in its 
application due to these constraints. 
 
 
Figure 2.2 Synthesis of ethanol from various carbon-containing feedstocks [13]. 
 
 
The area of research of production of higher alcohols from syngas has received great 
attention for more than fifty years [16].  However, there are still many challenges for 
synthesizing alcohols from syngas.   
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2.2.2 Synthesis Gas Production for Alcohol Synthesis 
Synthesis gas (or syngas) is given name for a gas mixture of various concentrations of 
carbon monoxide and hydrogen.  Synthesis gas could be derived from natural gas, coal or 
biomass by gasification/reforming [17].  There are still many difficulties for directly 
converting syngas into alcohols.  Methanol and higher alcohols can be simultaneously 
produced from syngas with many different types of catalysts.  The catalysts for the 
production of ethanol from syngas can be classified into four categories: (1) Rh-based 
catalysts [18-20], (2) modified methanol synthesis [21], (3) modified Fischer-Tropsch 
catalysts [22-23], and (4) modified Mo-based catalysts [24-25].  However, the required 
catalysts are mostly utilized in severe conditions with complex compositions.  The 
products are mixture of either branched or linear primary alcohols ranging from methanol 
to hexanol [26].  Types of catalysts that have been studied are summarized as follows. 
(1) Rh-based catalysts 
Rh appears to be the most adaptable element in terms of its properties for catalysis 
among the choice of supported transition metal catalysts, particularly for syngas 
conversion [27].  Rh-based catalysts tend to be the more selective for C2+ 
oxygenates [28-29].  The addition of suitable promoters can obviously enhance 
the activity and selectivity to C2+ oxygenates [30]. 
(2) Modified methanol synthesis catalysts 
Modified methanol synthesis catalysts include high-temperature-pressure ZnCr-
based catalysts and low-temperature-pressure CuZn-based catalysts [26].  The 
addition of alkali promoters to these catalysts can increase the selectivity toward 
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ethanol. 
(3) Modified Fischer-Tropsch catalysts [26, 31-32] 
Cobalt is the most well-known transition metals to be very active for FTS while 
copper has the ability to produce alcohols.  This leads to the assumption that 
CoCu-based catalysts could be the promising catalysts for syngas conversion into 
alcohols.  These catalysts show better selectivity to higher alcohol selectivities if 
suitable alkali promoters are introduced. 
(4) Modified Mo-based catalysts [33-34] 
Mo-based catalysts have good sulfur tolerance when promoted with proper alkali 
promoters.  These kinds of catalysts are affected significantly by the composition, 
structures and reaction conditions.  It required higher reaction pressures (>10 MPa) 
for ethanol synthesis compared with Cu-based catalysts.  It should be also noted 
that CO hydrogenation activities of transition metal sulfides have not been 
investigated yet except W and Mo sulfides. 
 
2.3 Catalyst Design for Alcohol Synthesis 
2.3.1 CO Hydrogenation Mechanism 
The possible products for CO hydrogenation are paraffins, olefins and oxygenates, 
which include alcohols, aldehydes, ketones, esters and acids.  Extensively efforts have 
been focus on the mechanistic studies.  By summarizing the published results, Chuang et 
al. [35] linked all possible pathways in a network as shown in Figure 2.3. 
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Figure 2.3 CO hydrogenation network [35]. 
  
The reaction on catalysts starts with the steps of CO dissociation and hydrogenation or 
hydrogen adsorption and splitting to produce CHx species, then follow by the steps: 
(a) CH4 production via hydrogenation of CHx species. 
(b) Chain growth with another CHx species to form C2 hydrocarbons. 
(c) CO insertion to form C2 oxygenates. 
Thus, a catalyst with the abilities of promoting the CO dissociation and insertion 
reaction would be more favorable for higher alcohol formation. 
 
2.3.2 Criteria for Alcohol Synthesis Catalyst Design 
Alcohol synthesis catalysts have to meet numerous requirements including non-
chemical and chemical.  The non-chemical requirements include the mechanical strength, 
the morphology or even the cost of the catalyst.  The chemical requirements include three 
important issues: 
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(a) Activity- the ability of producing relatively larger amount of products. 
(b) Selectivity- the ability to produce the desired products and avoid other products. 
(c) Stability- the duration time of the catalyst to maintain activity before deactivated or 
poisoned. 
Several factors could affect catalytic behaviors, such as the composition of the 
catalysts.  In order to achieve the optimal dispersion as well as the stabilization against 
sintering effect, a support is necessary with properties such as chemical non-active and 
large surface area.  The addition of suitable promoter(s) can also improve the activity or 
selectivity of the catalysts.  In addition, the preparation methods, the pretreatments or 
reaction conditions could also affect the catalytic performance and selectivity. 
 
2.4 Research Objective 
The objective of this research was to develop CoCuZnO-based catalyst systems for 
oxygenate, especially ethanol, synthesis from synthesis gas with higher activity and 
selectivity.  The research began with investigation of support effect for cobalt catalysts.  
CuZnO-based catalysts and CoCuZnO catalysts were studied for methanol synthesis and 
ethanol synthesis by SSITKA, respectively.  The comparison of typical chemisorption 
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CHAPTER THREE  
HYDROTALCITE SUPPORTED Co CATALYSTS FOR CO HYDROGENATION 
 
[As published in Applied Catalysis A-General, 396 (2011) 91-100] 
 
It is well known that the catalytic performance of Co catalysts depends on supports 
and promoters.  The focus of this work was to investigate the catalytic activities for CO 
hydrogenation of Co catalysts supported on the solid base, hydrotalcite (HT), and to 
probe the role of support in the reaction.  A cobalt catalyst containing 10 wt% cobalt 
supported on HT was prepared using the incipient wetness impregnation method.  Pre-
calcined HT (CHT), alumina and magnesium oxide were also employed as supports for 
comparison purposes.  Catalysts were characterized by surface area and porosity analysis, 
XRD, TEM/STEM/EDX, TPR and H2 chemisorption.  The catalytic activity was tested 
using a fixed-bed reactor at 230oC, 1.8 atm, and H2/CO = 2.  It was found that the 
hydrotalcite supported catalyst showed the highest steady-state reaction rates.  The 
activities of Co/HT reduced at different reduction temperatures (from 300 to 600oC) were 
also compared.  Reduction at 500oC resulted in the highest activity; however, CH4 
selectivity was also enhanced as the reduction temperature increased.  The product 
distributions for Co/HT obeyed an Anderson–Schulz–Flory distribution.  The α values 
were not impacted by the different reduction temperatures for Co/HT.  The 
characterization and reactivity results suggest that the thermal stability properties of 
hydrotalcite, BET surface area, particle size of Co, the interaction between Co and the 
support, and the reducibility of Co were all important in governing the catalytic 
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performance of the Co catalysts for CO hydrogenation.  Our study suggests that HT is a 
promising support for Co for Fischer–Tropsch synthesis because it gives high activity 





In order to meet the environmental, economic and social challenges associated with 
the energy supply-demand problem, the usage and research of alternative fuels have 
recently gained a lot of interest.  Fischer–Tropsch synthesis (FTS) has attracted great 
attention as a solution for this problem by converting natural gas, coal, or biomass 
resources to liquid fuels through the generation and conversion of syngas (CO +H2) [1].  
The heavy paraffins formed from the synthesis can be further processed to produce a 
wide range of sulphur- and aromatic-free liquid hydrocarbon fuels.   
Supported cobalt catalysts have long been used for FTS, especially when long 
catalyst life times and high selectivities for paraffins are required, because of their 
relatively low costs and low activity for the water–gas shift reaction [1,2].  The selection 
of the support for a cobalt catalyst can have a great influence on its physicochemical 
properties.  For instance, the functional groups on the surface and the porosity of the 
support can alter the cobalt particle size, dispersion and reducibility, thus affecting the 
performance for CO hydrogenation [3,4].  A moderate interaction between Co and 
supports is beneficial to achieve a high selectivity and activity [5,6].  Even though many 
oxides have been studied as supports for cobalt for Fischer–Tropsch synthesis, such as 
Al2O3 [7–10], SiO2 [11–14] and TiO2 [4,15–20], the search for new supports continues in 
order to optimize the design of FTS catalysts to more easily commercialize FTS.   
Hydrotalcite (HT)-like compounds have attracted attention in the field of catalysis 
either as base catalysts or as catalyst supports for a broad spectrum of catalytic organic 
reactions including steam conversion of methane, synthesis of alcohols, and many 
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aromatic organic reactions [21,22].  Belonging to the class of anionic clays, HT is easy 







  where M
2+ is a bivalent metal ion, M3+ is a trivalent 
metal ion and An− is the interlayer anion.  Generally, M2+ and M3+ are Mg2+ and Al3+, 
respectively.  The HT structure consists of positively charged brucite, Mg(OH)2-type 
MOH-layers in which M2+ is substituted by M3+, and the excess positive charges are 
balanced by anions in the interlayer for charge compensation.   
A transition metal of catalytic interest can be incorporated into HT-like structures by 
coprecipitation with Al and Mg during the preparation of HT [23–27], by ion-exchange 
as anionic species [28,29], by direct impregnation [30], and by impregnation on pre-
calcined HT [31–34].  In general, these catalysts have high surface area, high metal 
dispersion, synergetic effects between the elements, and, in some cases, a memory effect 
which allows the reconstruction of the original structure when HT is decomposed at high 
temperature [21,22].  HT and calcined HT (CHT) containing transition metals have been 
used either as catalysts or supports for FTS [35–37].  For instance, Pinnavaia et al. [38] 
proposed that the mechanism for oxygenate formation on HT-supported Ru catalysts in 
CO hydrogenation arises from the decoration of the metal crystallites by base species of 
the support.  Although a few cobalt containing HT-like compounds have been 
synthesized [26,39–43] and utilized for several reactions including CH4 combustion [39] 
and CH4 reforming [26,41], there is little information concerning HT-supported Co 
catalysts and their use in CO hydrogenation.  Cavani et al. [44] reported that HT 
containing Co and Cu have good catalytic activities due to the high dispersion of metallic 
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copper.  Krylova et al. [5] studied the activities for FTS of Co supported on as-prepared 
and calcined HT and found that the pretreatment of HT has marked effects on the activity 
and selectivity of the catalyst; however, no other characterization was carried out by this 
group in order to understand the differences in physicochemical properties of the 
catalysts.   
The objective of the current work was to obtain more insight into the use of HT-
supported Co catalysts for CO hydrogenation.  A commercial HT material either without 
any pretreatment or with pre-calcination was used in this study as the support. 
Furthermore, MgO and Al2O3 were each used as Co supports as well for comparison 
purposes.  The supported cobalt catalysts were characterized by BET, STEM, EDX, TEM, 
TPR, H2 chemisorption and CO hydrogenation. The effect of reduction temperature on 
the HT-supported Co catalyst was also studied in detail. 
 
3.2 Experimental 
3.2.1 Catalyst preparation 
Catalysts containing 10 wt% Co on various supports were prepared by the incipient 
wetness impregnation method.  Cobalt nitrate hexahydrate (Acros, 99%) was used as the 
metal precursor, and commercially available HT (Aldrich, Mg6Al2(CO3)(OH)·16.4H2O), 
HT pre-calcined at 500oC in air for 4 h (referred to as CHT), Al2O3 (Alfa-Aesar, γ-
phase/α-phase, 99.98%), and MgO (Spectrum, 96–100%) were employed as supports.  A 
support was first impregnated with a 1:1 H2O and acetone solution containing the cobalt 
precursor (2 mL solution/1 g support).  After mixing and stirring, the mixture was dried 
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at 90oC for 4 h and then at 120oC overnight before being calcined in air at 300oC for 4 h 
(ramp rate to 300oC of 10oC/min) to remove nitrogen-containing species.  The catalysts 
are represented by the notation Co/S, where Co represents cobalt and S, the support, 
which was either HT, CHT, Al2O3 or MgO.  The as-prepared catalysts were stored in a 
desiccator until use in order to avoid rehydration. 
 
3.2.2 Catalyst characterization 
BET surface areas, pore volumes, and pore sizes were estimated from nitrogen 
adsorption and desorption data at −196oC in a Micromeritics ASAP-2020.  The catalyst 
samples were degassed at different specific temperatures under a vacuum of 10−3 mmHg 
before measurements.  Degassing temperatures of 150oC and 400oC were applied.  In 
general, a degassing temperature of 150oC was used to remove physically adsorbed water.  
Due to the unique thermal stability of HT, a degassing temperature of 400oC was also 
used in order to be comparable to what was done in other studies in the literature [45,46].  
A Scintag XDS 2000 θ/θ powder X-ray diffractometer (XRD) using Cu Kα1/Kα2 (λ 
= 1.540592Å and 1.544390Å, respectively) radiation and a step size of 0.03o was used to 
identify the phases and crystallinity of the Co catalysts. 
HRTEM images for fresh Co catalysts were obtained using a Hitachi 9500 with an 
accelerating voltage of 300 kV to investigate the morphologies of the catalysts.  The 
morphologies and the elemental concentrations of the catalyst surfaces, as well as the 
elemental distributions for Co/HT after being reduced at various reduction temperatures, 
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were studied using HRTEM, STEM and EDX, respectively.  STEM was performed using 
a Hitachi HD2000 under Z-contrast (ZC) mode.  The accelerating voltage was 200 kV. 
Temperature programmed reduction (TPR) was carried out using an Altamira-200R-
HP microreactor to determine the reducibility of the Co-based catalyst.  The as-prepared 
catalysts (0.2 g) were pretreated at 300oC in He for 1 h prior to TPR measurement.  
During a TPR experiment, 10% H2/Ar flow of 30 mL/min was used for reduction.  The 
catalysts were heated with a ramp rate of 10oC/min from 35oC to 800oC.  H2 consumption 
was analyzed using a thermal conductivity detector (TCD).  The reduction of Ag2O 
(99.99% metals basis, Alfa-Aesar) was used to calibrate the TCD signal for H2 
consumption.   
H2 chemisorption isotherms were measured at 100
oC in a Micromeritics ASAP-2010 
system.  Before measurements, the catalyst samples were reduced with a hydrogen flow 
for 2 h at 500oC following a temperature ramp of 10oC/min.  The samples were then 
evacuated at 500oC and 10−6 mmHg for about 2 h before cooling to 100oC. 
 
3.2.3 Reaction 
CO hydrogenation was carried out in a differential fixed-bed reactor with a 
maximum conversion below 10% to minimize concentration and temperature gradients.  
A catalyst sample of 0.3 g was mixed with 3 g α-alumina to avoid channeling and hot 
spots.  The catalyst was heated to a specific reduction temperature (500oC for Co/CHT, 
Co/Al2O3 and Co/MgO, or 300–600
oC for Co/HT) with a ramp rate of 5oC/min and kept 
at that temperature for 1 h in a H2 flow of 30 mL/min at 1 atm, then cooled down to the 
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reaction temperature of 230oC.  The reaction started as the gas flow was switched to a 
CO–H2 mixture and the total pressure adjusted to 1.8 atm.  The total flow rate of the 
reactants was kept constant at 45 mL/min which consisted of 30 mL/min of H2 and 15 
mL/min CO.  The reaction effluent lines and the sampling valves were wrapped with 
heating tape to avoid condensation of H2O and higher hydrocarbon products.  The 
effluent products were analyzed on-line by a Varian 3380 GC with a flame ionization 
detector (FID) connected to a Restek RTQPLOT column (I.D. 0.53mmand length 30m) 
for hydrocarbon and oxygenates, and with a thermal conductivity detector (TCD) 
connected to a Restek HayeSep® Q column (I.D. 3.18mm and length 1.83m) for 
inorganic gases.  The reaction reached a pseudo-steady state after 15 h TOS (time-on-
stream).   
The identification and the calibration of gas products were achieved using standard 
gases [alkanes (C1–C7), alkenes (C2–C7) and oxygenates (methanol, ethanol, 1-propanol, 
1-butanol, acetaldehyde and acetone), Scott Specialty Gases].  The carbon selectivity (in 
C atom%) for a given product was calculated using the formula niCi/∑niCi, where ni and 
Ci represent the carbon number and molar concentration of the ith product, respectively. 
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3.3 Results and discussion 
3.3.1 Catalyst characterization 
3.3.1.1 BET surface area and porosity measurements 
The BET surface areas, pore volumes and pore sizes for the as-prepared calcined 
(300 ◦C) cobalt catalysts are shown in Table 3.1.  Two degassing temperatures (400oC 
and 150oC) were used. 
Table 3.1 BET surface areas, pore volumes and average pore sizes of the Co-based 














400 265 0.21 3.2 
400 (500)c 265 0.21 3.1 
400 (600)d 268 0.21 3.3 
150 24 0.06 10.7 
Co/CHT 
400 271 0.37 5.5 
150 13 0.06 18.6 
Co/MgO 
400 90 0.37 16.5 
150 25 0.15 23.4 
Co/Al2O3 
400 93 0.60 25.8 
150 102 0.60 23.7 
a All catalysts contained 10 wt% Co. 
b Max error = ±5%. 
c Co/HT was reduced ex-situ at 500oC for 1 h before BET measurement.  
d Co/HT was reduced ex-situ at 600oC for 1 h before BET measurement.  
 
It was found that, except for Co/Al2O3 which showed similar surface area and pore 
distribution regardless of the degassing temperature, all the other catalysts exhibited 
significant changes in BET surface area and average pore size with a change in the 
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degassing temperature.  For a degassing temperature of 400oC, the BET surface area 
decreased in the order of Co/CHT ≈ Co/HT > Co/Al2O3 ≈ Co/MgO, while the pore 
volume and average pore size were found to be the largest for Co/Al2O3.  It appears that 
the calcination temperature of 300oC during catalyst preparation was not sufficient to 
open up the structure of the HT, or even MgO, since the degassing temperature of 150oC 
before BET measurements was lower than the calcination temperature of 300oC and 
would not change the surface areas.  Previous studies [47] have reported that the surface 
area of Co/MgO decreased significantly due to the formation of bulk cobalt oxide or 
composite oxides while cobalt loading was relatively large (≥10%), which is consistent 
with the trend in this study.  The increase of surface area and pore volume at higher 
degassing temperature for Co/MgO can be partly due to decomposition of carbonates.  
The change in surface area with degassing temperature for the HT-based catalysts is 
likely due mainly to the decomposition of hydrated HT phases [48–50] and to a lesser 
extent the decomposition of carbonates.  It has been reported that the thermal 
decomposition for Mg–Al hydrotalcite generally starts with the loss of the interlayer 
water molecules at 150–200oC, followed by the collapse of the layered hydroxide 
structure in the temperature range of 300–400oC and the complete loss of the layered 
structure after 500oC [48,51].  Although there are controversies regarding the detailed 
thermal decomposition mechanisms of HT [24,43,51–54], there is agreement that the 
surface area and pore volume of HT increase with the calcination temperature up to 400–
500oC depending on the composition of HT, then the surface area decreases with further 
increase in temperature [54,55].  The restructuring of the support should affect the local 
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chemical environment of Co and may cause the migration of Co. In order to determine 
further the effect of temperature on the surface area and pore properties of Co/HT, it 
would be meaningful to measure the BET surface area using a degassing temperature 
higher than 400oC.  However, due to the limitation of the BET instrument, higher 
pretreatment temperatures before the BET surface area measurement could only be 
reached ex-situ.  Thus, as shown in Table 3.1, two more BET measurements with a 
degassing temperature of 400oC were carried out for the Co/HT catalyst pre-reduced at 
500oC and 600oC, respectively.  The results showed that, in the temperature range of 
400–600oC, neither calcination nor reduction influenced the BET properties of the Co/HT 




XRD was used to study the crystalline phases of the calcined catalysts.  As can be 
seen in Figure 3.1, the XRD patterns show that the Co/HT, Co/CHT and Co/Al2O3 
catalysts exhibited only a few weak and broad diffraction peaks, indicating nearly X-ray 
amorphous powders.  The weak peaks around 37o and 62o observed for Co/HT and 
Co/CHT are characteristic for calcined HT [46,56], indicating the formation of the 
Mg(Al)O mixed oxide after calcination for both catalysts.  No discernible peaks for any 
Co oxide phases could be identified for these two catalysts at this Co loading of 10 wt%, 
suggesting high Co dispersions.  Characteristic peaks at 46o and 67o, ascribed to the γ-
Al2O3 phase [57], were found in the XRD pattern of Co/Al2O3, but no Co-related peaks 
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could be observed.  The XRD pattern of Co/MgO showed the typical features of MgO or 
(Co, Mg)O with peaks at 37o, 42o and 61o [47].  In addition, weak peaks at 36o and 59o 
could be assigned to Co3O4 [16,57,58].  Based on the XRD results, Co/MgO appeared to 
have the largest Co particles among these four catalysts. 
 
Figure 3.1 XRD patterns of the calcined Co catalysts: (a) Co/HT; (b) Co/CHT; (c) 
Co/MgO and (d) Co/Al2O3. 
 
3.3.1.3 TEM, STEM and EDX 
Representative HRTEM images of the as-prepared catalysts are shown in Figure 3.2.  
For Co/HT, multiple layers and many 5–10nm particles could be observed, which can be 
ascribed to amorphous HT and aggregated Co particles, respectively.  Co particles are 
more dense and higher dispersed compared to the HT.  Therefore it can appear to form a 
greater fraction of the catalyst in a resulting 2D TEM image of a 3D catalyst granule.  
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Reichle et al. [24] observed from TEM images that HT particle morphology and crystal 
thickness were retained after heating to 450oC.  After being heated at 500oC, however, 
Stanimirova et al. [51] reported the existence of a significant change in the morphology 
of HT.  The calcination temperature used in this study was 300oC, thus, the observation 
of the layered structure for the support of Co/HT is in agreement with the literature.  The 
HRTEM image for Co/CHT shows disordered structures [see Figure 3.2 (b)] consistent 
with previous results [24] for HT treated at 500oC.  Distinguishable from the support are 
some small particles with a size of 2–10 nm, which may have been Co particles.  
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        (a) Co/HT                                                        (b) Co/CHT 
                          
        (c) Co/MgO                                                     (d) Co/Al2O3 
                          
Figure 3.2 HRTEM micrographs after calcination at 300oC of (a) Co/HT; (b) Co/CHT; (c) 
Co/MgO and (d) Co/Al2O3. 
 
For Co/MgO, MgO exhibited some irregular shaped support granules and larger Co 
particles could be identified, as shown in Figure 3.2 (c).  Compared to the HRTEM image 
of Co/HT, no significant difference in particle size can be observed for discernable Co 
particles in Co/MgO.  It is also noted that the Co particle size distribution was not 
homogeneous on the MgO surface.  Co/Al2O3 exhibited structures with size of 15–25nm 
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[Figure 3.2 (d)].  These structures were not very distinct and were possibly aggregated 
particles of numerous small Co particles since no distinguishable Co peaks could be seen 
from XRD results. 
Since HRTEM results were obtained for the catalysts after calcination at 300oC, it is 
possible that the particle sizes of the catalysts may have changed somewhat after 
reduction.  In order to determine this, STEM images were taken for both Co/HT and 
Co/Al2O3 after reduction at 500
oC.  STEM was utilized since the distinct differences 
between particles and supports could be seen by Z-contrast.  The location for the Co 
particles could also be confirmed by simultaneous EDX mapping.  A relatively larger 
scale (lower resolution) and dark field had to be used to determine Co particle 
distribution and to better distinguish the Co particles from the supports.   From Figure 3.3, 
it is clear that Co particles sintered to some extent during reduction at 500oC for both 
catalysts (the brighter particles were verified to be Co by EDX mapping).  Most Co 
particles were about 10–20nm for Co/HT while Co/Al2O3 had structures with dimensions 
ranging from 10nm to larger than 50 nm.  However, since no significant difference was 
exhibited for the XRD pattern of reduced Co/Al2O3 compared to that of the as-prepared 
catalyst, it is unlikely for reduced Co/Al2O3 to have had Co particle sizes larger than 50 
nm.  A more likely explanation is that these seemingly large particles were aggregations 
of particles.  Although it is hard to distinguish single particles from aggregation of 
particles by TEM, it is obvious that the average size of the Co particles for Co/HT was 
smaller than that for Co/Al2O3.  
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   (a) Co/HT 
 
 




Figure 3.3 STEM micrographs after H2 reduction for 1 h at 500
oC of (a) Co/HT; (b) 
Co/Al2O3. 
 
STEM (figures not shown) and HRTEM (Figure 3.4) were also carried out to 
determine the influence of the reduction temperature on the dispersion/particle size of Co 
supported on HT.  The reduction temperatures were varied from 300 to 600oC. From the 
information provided by STEM and HRTEM, three interesting features can be observed.  
First, cobalt particles appeared mainly located on the external support surface after being 
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reduced at 300oC; however, they showed a more uniform distribution on HT after 
reduction at 400o, 500o and 600oC.  Second, the Co particle sizes were smaller (≈ 10 nm, 
error = ±10% of the value measured) for reduction temperatures of 500oC or lower.  The 
existence of larger cobalt particles could be clearly seen for STEM images after the 
reduction temperature of 600oC, which showed a unimodel particle size distribution with 
maximum frequency at 20nm in size (error = ±10% of the value measured).  However, 
another possibility for the image could be overlapping of some particles with dimensions 
each less than 20 nm.  Third, comparing the images for Co/HT after reduction at 500oC 
[Figure 3.4 (c)] to those for the “as-prepared” Co/HT [Figure 3.2 (a)], except for small 
amounts of larger (10–20 nm) particles formed during reduction, not much difference in 




 (a) 300oC                                                   (b) 400oC 
                       
  (c) 500oC                       (d) 600oC 
                       
Figure 3.4 HRTEM micrographs of Co/HT for various reduction temperatures: (a) 300oC;  




EDX (Energy-dispersive X-ray spectroscopy) mapping was also conducted in order 
to study the elemental distribution on the catalyst samples.  EDX results, along with the 
information provided by other electron microscopy techniques, have been extensively 
used as a tool for surface composition investigation in recent Co catalysts studies 
[16,18,59,60].  Although EDX is not surface sensitive enough to obtain precise surface 
concentrations, the results are an indication as to the relative Co loading on the surface.  
In this study, EDX mapping results were collected and averaged over a number of 
locations on the sample surfaces.  The results for the relative cobalt loading on the 
external surface of the Co/HT catalyst granules after being reduced using different 
reduction temperatures are shown in Figure 3.5.  It is seen that the external surface cobalt 
composition for Co/HT reduced at various reduction temperatures was much higher than 
the loading values (10 wt% cobalt), which confirms that the cobalt particles formed to a 
greater extent on the external surfaces of the support particles.  Up to 500oC, the cobalt 
amounts gradually increased as the reduction temperature increased.  Co/HT reduced at 
500oC showed the highest surface cobalt concentration, ca. equivalent to 30 wt%.  
However, when the reduction temperature was increased to 600oC, cobalt external 
surface wt% dramatically decreased to half that for 500oC.  Note that due to instrumental 
limitation, in-situ EM and EDX were not available.  The EM/EDX results obtained in this 
study may have some uncertainties due to the contact of the sample with air at room 
temperature, which could have led to some reconstruction of the support.  However, the 
catalyst samples after reduction were passivated slowly so as to only oxidize the external 
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surface layers of the Co particles so that TEM images should be representative of the 
reduced Co catalysts. 
 
Figure 3.5 Effect of reduction temperature on Co loading amount on the external support 




TPR was carried out from room temperature to 800oC in a 10% H2/Ar flow to obtain 
the reducibility of the cobalt catalysts.  Figure 3.6 presents the TPR profiles of the 
calcined catalysts.  Two overlapping peaks in the temperature range of 200–500oC were 
observed for all the catalysts. Since HT, MgO and Al2O3 cannot be reduced in that 
temperature range [61,62], the reduction peaks should only be related to the reduction of 
Co species.  The low temperature peak can be ascribed to the reduction of Co3O4 to CoO 
and the higher-temperature one located between 300 and 500oC has been suggested to be 
related to the reduction of CoO to Co [63,64].  Regarding the peak temperatures for these 
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two reduction peaks, similar trends were found for the four catalysts prepared in this 
work: Co/Al2O3 < Co/HT < Co/MgO < Co/CHT.  Except for Co/Al2O3, which had a 
degree of reduction ≈ 70%, all the other catalysts were fully reduced in the temperature 
range of 200–500oC based on the consumption of H2.  A broad peak located at ca. 500–
750oC was also observed for Co/Al2O3, which can be ascribed to the reduction of Co 
strongly interacting with the support (CoxOy–Al2O3) [65].  The strong interaction of Co 
with Al2O3 that leads to the low reducibility of non-promoted Co supported on Al2O3 in 
the temperature range of 200–500oC has been reported by many researchers including our 
group [64–68].  The TPR profile for Co/MgO is in agreement with the literature [69,70].  
It is interesting to note that the TPR profiles of Co/CHT and Co/MgO are similar. 
 



























Figure 3.6 TPR profiles of the calcined Co-based catalysts. 
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3.3.1.5 H2 chemisorption 
Table 3.2 summarizes the results obtained from the volumetric H2 chemisorption. 
The amount of adsorbed H2 at 100
oC decreased in the order of Co/HT > Co/Al2O3 > 
Co/CHT > Co/MgO. It is obvious that Co/HT had the greatest H2 adsorption ability 
among all these four catalysts. Active Co metal dispersions were estimated (%D=Cos/CoT) 
based on the assumption of a stoichiometry between hydrogen chemisorption uptake and 
surface metal atoms of 1:1 for H/Cos (where Cos is the number of estimated surface Co 
atoms per gram of catalyst and CoT is the total number of Co atoms per gram of catalyst) 





d (Co , nm)=
%D f ,
 
where fR represents the fraction of Co reduced to Co
0 [83]. 
 










a All catalysts contained 10 wt% Co. 
b Determined by extrapolating the total chemisorption isotherm to zero pressure.  Max 
error = ± 3%. 
c Based on total hydrogen chemisorption, H/Cos = 1, % dispersion = total hydrogen atoms 
chemisorbed/total number of Co atoms.   Max. error = ±5%. 
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3.3.1.6 Comparison of Co particle sizes obtained by different characterization techniques 
Table 3.3 gives a comparison of average Co particle sizes estimated by H2 
chemisorption, XRD, or TEM.  Larger Co particle sizes were calculated using the Co 
dispersion obtained from the results of H2 chemisorption, suggesting perhaps that Co 
surfaces were partially blocked by support species and/or that H2 chemisorption was 
partially suppressed (due to interactions between Co and the support).  Representative Co 
particle size was also estimated by physical methods, XRD and TEM.  Except for 
Co/MgO, XRD was not able to estimate any Co particle sizes due to Co being X-ray 
amorphous for these catalysts.  Co particles were distinguishable by TEM only for Co/HT 
and Co/Al2O3.  A relatively thin structure and aggregation of small Co particles for 
Co/HT and Co/Al2O3 could be possible explanations for these results.  Despite the 
seemingly inconsistent particle size measurements obtained using different techniques, it 
would appear reasonable conclusive that Co/HT exhibited the smallest average Co 
particle size. 
 
Table 3.3 Average Co particle sizes estimated by different techniques. 
Catalyst 
Average Co Particle Diameter (nm) 
H2 chemisorption
a XRD TEM 
Co/HT 13.4 n.a.b 5-10 
Co/ CHT 31.6 n.a. b n.d. 
Co/Al2O3 18.3 n.a.
b 15-25 
Co/MgO 42.3 19.8 n.d. 
 
a Average Co0 particle size (nm) = 96/(%D×fR), where fR represents the fraction of Co 
reduced to Co0 [83]. 
b X-ray amorphous. 
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3.3.2 Reaction activity for FTS 
In order to investigate the role of the support in Co catalysis, the Co catalysts were 
studied under CO hydrogenation conditions.  A negligible amount of CO2 was formed 
during this reaction and was not taken into consideration for the calculation of selectivity 
and activity of the catalysts during reaction.  In a previous study in our laboratory [64], 
the optimum reduction temperature for Co/Al2O3 catalysts was found to be ca. 350
oC.  
Therefore, Co/Al2O3 reduced at 350
oC was also evaluated in this study for comparison.  
Activities were compared on a per weight catalyst basis instead of using TOF due to the 
fact that the numbers of accessible surface metal atoms determined by chemisorption do 
not actually represent the number of catalytic sites for reaction [72].  Use of TOF in the 
case of a metal on a wide variety of supports can lead to misinterpretations because of the 
reason above and because of the difficulty in getting comparable chemisorption results 
for Co catalysts.  Therefore, we prefer to report rate/g-cat since relative activity can be 
easily seen.  However, we report all the data necessary for calculation of TOF or rate per 
surface area of exposed Co0 if a reader finds it useful. 
Table 3.4 shows the reaction results at steady state obtained for the catalysts with 
different supports. The steady-state rates were measured after 15 h TOS (time-on-stream).  
Co/HT exhibited a significantly higher steady-state CO hydrogenation rate than the other 
catalysts for the 10 wt% of Co used.  Co/HT exhibited a rate that was almost 50 times 
higher than that of Co/CHT.  Co/Al2O3 reduced at 500
oC showed a moderate steady-state 
reaction rate in this study (1.73 μmol/g/s), which was very close to that found in a 
previous study in our laboratory under similar reaction conditions [73].  Co/Al2O3 
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reduced at 350oC showed a relatively higher reaction rate (2.34 μmol/g/s) compared to 
that with a reduction temperature of 500oC, as expected.  Co/MgO exhibited the lowest 
reaction rate, which was very close to the detectability limitation.  Thus, the calculation 
of exact product selectivities was not able to be done for this catalyst.  However, there 
was no oxygenate formation. 
 




% Hydrocarbon selectivityb at SS % olefins 
at SS 
(C2-C4) 
C1 C2 C3 C4 C5-C7
Total 
oxygenates 
Co/HT 3.1 26.8 7.1 13.1 11.6 38.7 2.8 12.1 
Co/CHT 0.07 21.6 10.9 14.2 10.4 39.6 3.3 23.0 
Co/MgO 0.02 - - - - - - - 
Co/Al2O3 1.73 44.4 11.0 15.2 10.5 16.2 2.7 4.3 
Co/Al2O3(350
oC)c 2.34 47.1 9.8 16.4 11.2 13.1 2.4 13.1 
 
a Catalyst: 0.3 g, Inert: 3 g α-alumina; Reduction: 500°C for 1h; Reaction conditions: T = 
230°C, P = 1.8 atm, Flow rate = 45 mL/min (H2/CO =2); Data taken at 15 h after steady 
state had been reached. Experimental error = ±5%. 
b Carbon selectivity = nCn / ∑nCn. 
c The reaction conditions were the same as a, except that reduction was at 350°C for 1h. 
 
Similar hydrocarbon distributions were observed for Co/HT and Co/CHT.  About 
20–25% of the hydrocarbon product was CH4, and the rest of the products were mostly 
higher hydrocarbons with a small amount of oxygenates (< 5%).  The production 
distribution in this study is similar to what has been reported by Pinnavaia et al. [38] for 
their investigation of CO hydrogenation on HT-supported Ru catalysts at a relatively low 
pressure, ca. 101 kPa.  It is noteworthy that the C2–C4 olefin selectivity was double for 
Co/CHT compared to Co/HT, possibly due to the low conversion level.  The product 
distributions for Co/Al2O3 reduced at 350
o and 500oC were very similar, however, the % 
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C2–C4 olefin selectivity was greater for the lower reduction temperature.  Co/Al2O3 
showed a poorer product selectivity than Co/HT or Co/CHT, with higher CH4 and lower 
C5–C7 selectivities.  The amount of oxygenate formation was small and comparable to 
that of Co/HT.   
Figure 3.7 shows the TOS behavior of the overall reaction rate of CO hydrogenation 
for the Co-based catalysts of this study.  The higher activities of Co/HT and Co/Al2O3 
decreased slightly during the first 6 h and then remained steady.  The activities of 
Co/CHT and Co/MgO were low and relatively constant, which might be within 
experimental error.  The rate drop from the initial value was similar for Co/HT and for 
Co/Al2O3 in these investigations, which was about 10–12%.  The deactivation behavior 
was similar to that found in the previous studies in our laboratory for Co/Al2O3, which 





Figure 3.7 Time-on-stream behavior of the overall rate of CO hydrogenation for the 
catalyst with various supports. 
 
 
Pronounced differences were observed in this study in the activities and selectivities 
of the Co catalysts supported on different supports.  Al2O3 is a well-known excellent 
support for cobalt FTS catalysts and has been widely applied for CO hydrogenation.  
Often, in order to modify the surface characteristics for the purpose of improving the 
catalytic performance, some noble (or near-noble) metals, such as Ru [57,73,74] or Re 
[71] have been used as reduction promoters.  However, HT as a support for cobalt 
catalysts was found in this study to have the ability to increase the reaction rate without 
the need for a second metal as a reduction promoter.  Co3O4 existed initially on all the 
catalysts.  Based on TPR results, it reduced essentially completely for Co/HT, the most 
FTS active of the catalysts, in the range 200–300oC.  However, the almost equally active 
FTS catalyst Co/Al2O3 showed lower reducibility in the same range, demonstrating that 
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the reducibility degree for cobalt can only be one of the parameters leading to higher 
activity.  In fact, the higher FTS activity for Co/HT was also due to the higher Co metal 
dispersion and related smaller average Co metal particle size, resulting in part probably 
because of the relatively higher BET surface area of the HT support. 
Based on the results, Co/HT reduced at 500oC provided the most active catalyst, 
even compared to what has usually been found to be one of the best and most active Co 
FTS catalysts, namely Co/Al2O3.  In addition to a high reducibility of the cobalt and a 
higher activity for CO hydrogenation, use of the HT support also led to better selectivities 
for higher hydrocarbons. 
As evidenced from XRD, BET surface analysis and TEM results, Co supported on 
HT had a higher total surface area and smaller Co particle size compared to Co supported 
on Al2O3.  In addition, use of the HT support obviously enhanced the reducibility of Co.  
Thus, it is not surprising that Co/HT had better H2 chemisorption ability and activity for 
CO hydrogenation.  Another possible factor that may have affected the activity of the 
catalysts was the support basicity.  It has been reported that the surface basicity of HT 
increases with the pretreatment temperature until 500oC [55,75].  After calcination at 
300oC and reduction at 500oC, Co/HT may have had optimum basicity, which might have 
influenced the activity and selectivity. 
However, the much decreased activities for Co supported on MgO and pre-calcined 
HT cannot be explained by total surface area, average Co particle size, or Co reducibility.  
Compared to Co/Al2O3, Co/MgO had a similar BET surface area, a similar average Co 
particle size, and a much higher reducibility, but the activity of Co/Al2O3 was about 100 
 42
times higher than that of Co/MgO.  Extremely low activities of Co-based catalysts 
supported on MgO compared to other supports have been reported in the literature for CO 
hydrogenation (compared to Al2O3, SiO2, TiO2 and C [70,76]; compared to ZrO2, CeO2 
and Nb2O5 [77]; compared to ZnO and La2O3 [78]), for hydroformylation of ethylene 
(compared to ZnO and La2O3 [78]) and for methanol decomposition (compared to ZrO2 
and CeO2 [79]).  The possible reasons for the low activity of Co/MgO proposed in the 
literature can be summarized as (1) suppression of H2 adsorption [80]; (2) formation of an 
inactive Mg–Co mixed oxide after pretreatment at a temperature higher than 400–500oC 
[69,76,79] due to the strong basicity of MgO.  Low H2 chemisorption was also observed 
for Co/MgO in this study.  The shift of reduction peaks to higher temperature also 
indicated some interaction of Co with MgO.  Thus, the low activity of MgO observed in 
this study may be ascribed to the presence of fewer Co active sites due to the interaction 
of Co with MgO. 
The low activity of Co/CHT found in this study seems to be at variance with results 
in the literature.  Yuan et al. [32] found that Pt supported on calcined HT had the greatest 
activity for the hydrogenolysis of glycerol compared to Pt supported on other supports 
including HZSM-5, C, Al2O3 and MgO.  Hsiao and Lin [35] showed that Cu/CHT had 
comparable activity with that of Cu/Al2O3 for methanol conversion to make higher 
oxygenates.  A possible explanation for the differences seen might be in the differences 
in main catalyst metal used and the different reactions used to test the catalysts. 
Taking into account that Co/CHT had dramatically decreased H2 chemisorption, it 
can be speculated that Co had a strong interaction with the support, perhaps with the Co 
 43
heavily decorated by support species and not accessible to reactants, leading to a 
significant decrease in available active sites.  The differences in the TPR profiles for 
Co/HT and Co/CHT also validate this speculation.  It is worth noting that the only 
difference in the preparation of Co/HT and Co/CHT was the pre-calcination in air of the 
HT before being used as a support for Co/CHT.  After calcination at 500 ◦C, the layered 
structure of HT should have changed with the formation of Mg(Al) mixed oxide, which 
affects the surface basicity of the resulting CHT [22,24,46].  This has been shown for 
various physicochemical characterizations of CHT materials [45,56,75].  Thus, it is 
possible that the much stronger interaction of Mg(Al) oxide with Co resulted in the 
significantly decreased activity of Co/CHT.  The similar behavior for Co/CHT and 
Co/MgO is interesting.  However, since the focus of this paper was on the more active 
FTS catalysts, in-depth studies of these less active catalysts were not pursued. 
The Anderson–Schulz–Flory (ASF) product distribution for hydrocarbon formation 
was also investigated in this study.  Co/MgO and Co/CHT are not discussed here due to 
the very low activity and the resulting error in concentration estimations of individual 
products.  C1 (methane) was not included in the calculation of chain growth probability 
for any of the other catalysts due to the fact that it is often larger or smaller than what 
would be predicted by the polymerization probability based on the other products.  The 
C2+ hydrocarbon distributions for the catalysts all followed an ASF distribution.  
However, the chain growth probability factors (α) varied significantly between Co/Al2O3 
and Co/HT and even somewhat for different reduction temperatures of Co/HT as shown 
in Table 3.5.  
 44
The α values suggest that Co/Al2O3 has only half the chain growth probability 
compared to Co/HT for the reaction conditions used.  The differences in chain growth 
probability for Co/HT and Co/Al2O3 could be a crucial indication of differences in the 
mechanism.  Product distributions for Co catalysts with different α values have been 
suggested to be due to a superposition of two different mechanisms [81].  It has been 
suggested that the lower and higher α values are related to the CH2 insertion and CO 
insertion, respectively. 
 






Co/Al2O3 500 0.29 
Co/HT 300 0.65 
Co/HT 400 0.68 
Co/HT 500 0.57 
Co/HT 600 0.53 
 
   a Max error = ±5%. 
 
 
3.3.3 Effect of reduction temperature of Co/HT 
Figure 3.8 shows the steady-state reaction results obtained for Co/HT reduced at 
various temperatures.  The reduction temperature had a dramatic effect on the overall rate 
of CO hydrogenation.  It can be seen that the rate increased as the reduction temperature 
increased, passing through a maximum at the reduction temperature of 500oC before 
decreasing.  The TOS behavior for Co/HT after being reduced at various reduction 
temperatures (data not shown) was very similar to what is shown in Figure 3.7.  The 
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reaction rate slightly decreased and stablized after 6 h of reaction.  However, the 
deactivation rate for reduction at 600oC was larger than for lower reduction temperatures.  
 
Figure 3.8 Effect of reduction temperature on overall catalyst activity of Co/HT. 
 
Three complementary effects need to be addressed to explain the results in Figure 3.8: 
the thermal decomposition properties of HT, the reducibility of Co, and the sintering of 
Co particles.  Our BET surface area analysis confirmed that a higher pretreatment 
temperature (400oC) increased the surface area.  The TPR results indicated that the 
reduction of Co/HT was not fully completed when the temperature was much below 
500oC.  With respect to the sintering effect, serious sintering is known to occur for high 
reduction temperatures > 500oC for cobalt catalysts [57,64,82].  Thus, 500oC appears to 
be a critical temperature for the optimization of Co supported on HT.  As evidenced by 
TEM and EDX, more Co particles appeared to migrate to the support surface as the 
reduction temperature increased from 300oC to 500oC.  The trend of external support 
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surface Co loading (Figure 3.5) is identical to that for the reaction rate (Figure 3.8) for the 
various reduction temperatures, suggesting that reaction may have been facilitated when 
more cobalt sites were accessible on the external surface of the HT support.  The 
similarity of external surface Co loading and reaction rate for various reduction 
temperatures is strong evidence for the existence of an optimum reduction temperature 
for HT as a support for Co catalysts and the manifest relationship between reaction rate 
and cobalt sites on the external surface of HT.  Based on BET surface analysis results, the 
opening of the HT structure from 300oC to 400oC may have helped in increasing the 
reaction rates.  However, the reaction rate differences seen after reduction in the 
temperature range from 400o to 600oC were not affected by any change in BET surface 
area or pore volume since these parameters remained constants.  
Different reduction temperatures used for Co/HT also showed a significance 
influence on the value of α (Table 3.5).  It can be seen that carbon chain growth ability 
decreased with increasing reduction temperature. The cause remains to be determined. 
 
3.4 Conclusions 
A series of 10 wt% cobalt supported catalysts was prepared using the incipient 
wetness impregnation method and evaluated by CO hydrogenation.  The catalyst activity 
and selectivity were significantly influenced by the particular supports.  The usage of HT 
as a support for cobalt resulted in the highest catalytic activity.  Use of MgO or CHT (HT 
pre-calcined at 500oC), however, led to low activity catalysts while the Al2O3-supported 
Co exhibited a moderate activity, somewhat lower than that of Co/HT.  Co/Al2O3 was 
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compared in this study primarily due to two facts: (1) aluminum oxide is one of the 
constituents of HT; (2) Co/Al2O3 is one of the best Co FTS catalysts known in terms of 
activity and selectivity. Co/HT, however, showed an impressive higher activity 
comparing to that of Co/Al2O3 even without a reduction promoter.  HRTEM results 
suggested that the Co were highly dispersed in the Co/HT catalyst with relatively small 
particles.  Furthermore, H2 chemisorption showed that Co/HT had significantly higher H2 
uptakes compared to other supported Co catalysts in this study.  The high catalytic 
performance of Co/HT appeared to be due to the effects of relatively higher total surface 
area, high reducibility, and smaller cobalt particle size.  Product distribution analysis 
showed that both Co/HT and Co/Al2O3 followed an Anderson–Schulz–Flory chain 
growth probability.  A significantly higher chain growth probability was found for Co/HT 
compared to Co/Al2O3. 
The effect of reduction temperature was also investigated for Co/HT.  The reaction 
results showed that a relatively moderate reduction temperature (500oC) led to the highest 
activity, probably due to the optimization of incomplete cobalt reducibility at lower 
temperatures and the sintering effect at higher reduction temperatures, respectively.  
Furthermore, the similar trend for the effect of reduction temperature on the reaction rates 
and the external surface Co loading (from EDX) also suggested a less obvious 
relationship. 
Based on the reaction and characterization results given in this paper, important 
conclusions concerning the effects of the different supports on Co catalysis could be 
made.  More detailed conclusions concerning how these effects are produced by the 
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different supports await further study. 
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CHAPTER FOUR  
COMPARISON OF CHEMISORPTION CLOSE TO AMBIENT VS. UNDER 
REACTION CONDITIONS FOR GROUP VIII METAL CATALYSTS 
 
[As published in Journal of Catalysis, 281 (2011) 128-136] 
 
A comparison of the relationship of H2 or CO chemisorption measurements at 25–
100oC to similar results obtained under CO hydrogenation conditions by steady-state 
isotopic transient kinetic analysis (SSITKA) is made for the first time for a wide variety 
of Group VIII metal catalysts.  The ratio NT
*/Nchem (amount of chemisorption by SSITKA 
vs. by static chemisorptions) was found to be almost always ca. unity for Co catalysts.  
SSITKA can, thus, be used as a complementary characterization technique to TEM, XRD, 
and static chemisorption for better understanding of Co metal catalyst dispersion and 
metal surface site availability for Co catalysts with a wide variety of promoters/supports.  
Unfortunately, application of SSITKA chemisorption measurements under reaction 
conditions for characterizing metal dispersion for the other metals is limited at this time.  
However, the results do suggest some possibilities for Ru and Rh. 
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4.1 Introduction 
Metal catalysts comprised Fe, Co, Ni, Ru, Rh, or Pt are widely used in industrial 
applications.  All are active to some degree for CO hydrogenation.  The first five are also 
promising candidates for the production of alternative fuels by Fischer–Tropsch synthesis 
(FTS) [1–6].  Although much research has been undertaken in the past addressing their 
catalytic properties, the relationships of their metal surface structures to those properties 
are still not completely understood since measures of their adsorptive properties (used 
often to estimate metal surface areas, active site densities, and other surface properties) 
vary greatly with composition, conditions, and even the analysis method used.   
H2 or CO static chemisorption is used typically to estimate the number of surface 
metal atoms for most heterogeneous Group VIII metal catalysts [7–9].  Investigations 
have confirmed that such things as metal loading, nature of support, and the preparation 
method impact the stoichiometries for H2 and CO adsorption on these metal catalysts.  
For example, Reuel and Bartholomew [10], in a systematic study of CO and H2 
adsorption on Co catalysts, showed that hydrogen adsorption is highly activated on cobalt, 
with the degree of activation dependent on the metal loading.  In addition, other 
complications that may affect chemisorption data analysis on various metals are 
suppression of H2 chemisorption, formation of carbides, H2 spillover, carbon deposition, 
the strong interaction between metal and supports (SMSI), the nature of chemisorption at 
metal–support interfaces, and the presence of promoters/poisons (illustrated in Figure 4.1) 
[5,10–13].  Although the number of surface metal atoms and metal dispersion measured 
by chemisorption has been demonstrated to be related to the catalytic properties for many 
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heterogeneous metal catalysts, the accuracy of such measurements is complicated by 





Figure 4.1 Factors that can affect surface coverage. 
 
Steady-state isotopic transient kinetic analysis (SSITKA) is one of the most powerful 
tools to estimate the surface residence time, concentration of intermediates, intrinsic site 
activities, and surface reaction mechanism under reaction conditions.  It has been widely 
applied since the early pioneering work of Happel, Bennett, Biloen and Bell [14–17].  
SSITKA provides in-situ surface kinetic information based on tracing the isotopically 
labeled effluent species vs. time after switching the flow of a reactant in the reactor feed 
labeled with one isotope to that labeled with another.  Reactant and product 
concentrations are not disturbed by the isotopic switch (for elements heavier than 
hydrogen) under isothermal and isobaric reaction conditions.  SSITKA allows 
determination of the surface concentrations of the most active reaction intermediates and 
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reversibly adsorbed reactants, which provides an alternative way to obtain valuable 
information about chemisorption properties, especially at reaction conditions.  
Significant transformations during reaction can affect not only the catalyst surface 
layer but also deeper structures by the formation of new microstructures or defects, which 
may be stabilized by various promoters.  Such changes may only occur during reaction 
and may not exist during static chemisorption.  In addition, rarely if ever, is the number 
of active sites on a catalyst equal to more than a small fraction of the number of available 
surface metal atoms, determined by static chemisorption [18].  Therefore, the estimation 
of active sites is more exact using SSITKA measurements. The surface concentration of 
CH4 intermediates (NM) is related to the number of reaction sites producing methane. 
NM, because it relates to the number of actual reaction intermediates, can be used to 
calculate a more true value of the TOF than that normally calculated using chemisorption. 
However, in this paper, since our interest is on comparing chemisorption at room 
temperature vs. reaction temperature, we will focus on NT, the total concentration of 
adsorption species on the surface. The total amounts of chemisorption species under 
reaction (methanation) conditions (NT) are the sum of NM plus the surface concentration 
of CO reversibly adsorbing and desorbing (NCO).  It should be noted that SSITKA is 
performed at steady-state reaction conditions.  However, static chemisorption is carried 
out usually for a metal catalyst after preparation and reduction.  Therefore, one should 
keep in mind that the results from SSITKA measurements are after reaching steady-state 
reaction conditions, while the results for static chemisorption are for the catalyst in an 
initial state at 25–100oC.  This difference could affect the relationship between the 
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chemisorption results for SSITKA and for static chemisorption.  
The purpose of this study was to compare a wide variety of results based on static 
chemisorption and SSITKA techniques for chemisorption uptakes close to room 
temperature (RT~100oC) vs. at reaction temperatures, respectively.  Use was made of 
results from the literature for Group VIII metal catalysts employed for CO hydrogenation 
where both adequate static chemisorption and SSITKA data were reported.  The 
relationship of the results at static chemisorption and reaction conditions are completely 
discussed.  It is shown how the use of SSITKA as a complementary characterization 
technique to static chemisorption, XRD, and TEM for Co catalysts can help in 
determining the availability of metal surface atoms in cases where SMSI, promoters, 




Although static chemisorption and SSITKA have been widely applied in methanation 
studies for Group VIII catalysts, their measurements can only be compared when the data 
from both techniques are available in a given study.  Many previous reports would be 
appropriate to be listed in this study but for the lack of comparable data, due to missing 
static chemisorption data [6,19–22], different conditions for reaction and SSITKA 
measurements [23], an isotopic transient method being used that is somewhat different 
from SSITKA [24] or because of a different isotope being traced [25].  Surprisingly, Ni 
catalysts are not able to be discussed in this paper because of insufficient comparable data 
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[6,21,25].  A list of Co, Fe, Ru, Rh, and Pt catalyst studies in the literature containing 
sufficient chemisorption and SSITKA results for comparison is given in Table 4.1.  All 
papers listed in Table 4.1 reported SSITKA studies under CO hydrogenation conditions 
and also provided H2 and/or CO static chemisorption data. As shown in Table 4.1, the 
catalysts compared here utilized various supports (Al2O3, TiO2, SiO2, MCM-41, and 
carbon) and were often promoted with such species as Zr, Re, La, Ru, Cu, Mn, V, or 
alkali.  All catalysts were prepared by incipient wetness impregnation except for the Fe 
catalysts, which were prepared by a pH precipitation method. 
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for this paper 
Original nomenclature Primary metal 
(wt%) 
Additive Support Reference 
Co1 Co/Al Co(20) - Al2O3 [30] 
Co2 Co/Al-Zr-11 Co(20) ZrO2: 10.8 wt% Al2O3 ″ 
Co3 12Co/γ-Al2O3 Co(12) - γ-Al2O3 [31] 
Co4 12Co0.5Re/γ-Al2O3 Co(12) Re: 0.5 wt% γ-Al2O3 ″ 
Co5 20Co0.5Re/γ-Al2O3 Co(20) Re: 0.5 wt% γ-Al2O3 ″ 
Co6 20Co0.5Re/α-Al2O3 Co(20) Re: 0.5 wt% α-Al2O3 ″ 
Co7 12Co/TiO2 Co(12) - TiO2 ″ 
Co8 12Co0.5Re/TiO2 Co(12) Re: 0.5 wt% TiO2 ″ 
Co9 12Co/SiO2 Co(12) - SiO2 ″ 
Co10 12Co0.5Re/SiO2 Co(12) Re: 0.5 wt% SiO2 ″ 
Co11 B-La0 Co(20) La/Co = 0 (atomic ratio) SiO2 [1] 
Co12 B-La10 Co(20) La/Co = 0.1 SiO2 ″ 
Co13 B-La30 Co(20) La/Co = 0.3 SiO2 ″ 
Co14 B-La75 Co(20) La/Co = 0.75 SiO2 ″ 
Co15 a Ru-promoted Co/Al2O3 Co(20) Ru: 0.5 wt% γ-Al2O3 [2] 
Co16 a ″ Co(20) Ru: 0.5 wt% γ-Al2O3 ″ 
Co17 a ″ Co(20) Ru: 0.5 wt% γ-Al2O3 ″ 
Co18 5CoRu/M1 Co(5) Ru: 0.5 wt% MCM-41b [36] 
Co19 8CoRu/M1 Co(8) Ru: 0.5 wt% MCM-41b ″ 
Co20 14CoRu/M1 Co(14) Ru: 0.5 wt% MCM-41b ″ 
Co21 14CoRu/M2 Co(14) Ru: 0.5 wt% MCM-41c ″ 
Co22 14CoRu/S Co(14) Ru: 0.5 wt% SiO2 ″ 
Co23 5CoRu/S Co(5) Ru: 0.5 wt% SiO2 [5] 
Co24 Co/Ru/TiO2 Co(12.04) Ru:0.18 wt% TiO2 [26] 
Co25 Co/SiO2 Co(23) - SiO2 [27] 
Co26 Co/Al Co(20) - γ-Al2O3 [28] 
Co27 Co/Ru/Al Co(20) Ru: 0.5 wt% γ-Al2O3 ″ 
      
Fe1 P9 Fe(20) Cu: 5 wt%, K: 4.2 wt% SiO2 [33] 
Fe2 100Fe Fe(100) - - [4] 
Fe3 95Fe5Cr Fe(95) Cr: 5 wt% - ″ 
Fe4 80Fe20Mn Fe(80) Mn: 20wt % - ″ 
Fe5 90Fe10Zr Fe(90) Zr: 10wt % - ″ 
Fe6 100Fe2.5K - K/Fe = 0.015 (atomic ratio) - [3] 
Fe7 FeMn - Mn/Fe = 0.20  - ″ 
Fe8 FeMn4K - Mn/Fe = 0.20, K/FeMn = 4 - ″ 
Fe9 10wt%Fe/γ-Al2O3 Fe(10) - γ-Al2O3 [32] 
      
Ru1 RuSCu00 Ru(3) Cu/Ru = 0 (atomic ratio) SiO2 [11, 34] 
Ru2 RuSCu05 Ru(3) Cu/Ru = 0.05 SiO2 [34] 
Ru3 RuSCu10 Ru(3) Cu/Ru = 0.10 SiO2 ″ 
Ru4 RuSCu20 Ru(3) Cu/Ru = 0.20 SiO2 ″ 
Ru5 RuSCu50 Ru(3) Cu/Ru = 0.50 SiO2 ″ 
      
Pt1 K Pt.0 Pt(4.5) K+/Pt = 0.1(atomic ratio) SiO2 [35] 













K+/Pt = 0 
K+/Pt = 0.2 
K+/Pt = 0.4 









      
Rh1 Rh/SiO2 Rh(1.5) - SiO2 [13] 
Rh2 Rh/V/SiO2 Rh(1.5) V: 1.5 wt% SiO2 ″ 
Rh3 Rh/Al2O3 Rh(5.2) - γ-Al2O3 [37-38] 
Rh4 Rh/MgO Rh(2.5) - MgO [39] 
a Co15: calcined at 300oC; Co16: calcined at 350oC; Co17: calcined at 400oC 
b MCM-41 with small pores. 
c MCM-41 with large pores. 
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4.2.2 SSITKA measurement during methanation 
The FTS catalysts are usually investigated by SSITKA under methanation conditions 
(high H2/CO ratios, > 2) due to simplicity of product analysis and less deactivation with 
TOS (time-on-stream).  Methanation on Co, Ru, Fe, Rh, and Pt catalysts has been 
extensively studied by SSITKA [1–5,11–13,26–39].  
SSITKA systems utilized to carry out reaction and isotopic analyses typically consist 
of a plug flow reactor (PFR) using small amounts of catalysts under differential 
conditions (i.e., for conversions often lower than 5–10%) to minimize the effects of heat 
and mass transfer and to simplify kinetic analysis.  No significant readsorption occurs for 
methanation, suggesting that there is no effect of conversion, provided it is kept in the 
differential range.  The general procedure for isotopic transient measurements of methane 
and CO during reaction involves a switch between input flows of 12CO/Ar and 13CO 
without disturbing the stability of the reaction.  The purpose of adding a trace of Ar (5%) 
to CO is to determine the gas phase holdup time innate to the experimental system.  The 
pressure on both feed streams is maintained by back-pressure regulators to a constant 
value in order to minimize disturbances during switching of the feed streams.  The 
effluent gas is monitored online by GC, for reaction rate and product distribution, and a 
mass spectrometer (MS) with a high-speed acquisition system for the isotopic transients.  
Information about the calculation of the surface residence times and the concentration of 
active surface intermediates has been given in detail elsewhere [18,29,40].   
The methanation conditions applied in SSITKA are typically the same as for CO 
hydrogenation in general except that the ratio of H2 to CO and the temperature are 
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usually higher.  This shifts the product distribution to CH4 as the primary product, which 
simplifies the mass spectrometric (MS) online isotopic analysis during SSITKA.  Table 
4.2 summarizes the methanation conditions utilized by the studies discussed in this paper.  
Except for the Pt catalysts, most catalysts were investigated under a total pressure of 1.0–
1.8 atm and for a temperature range of 180–300oC, with a H2/CO ratio of 2–20.  
Methanation on Pt was studied at 2.56 atm and 392oC with H2/CO = 20.  Such a high 
temperature is required due to the low activity of Pt for CO hydrogenation. 
 







Pressure (atm) H2/CO 
ratio 
References 
Co 202-225 1.18-1.82 2-15 [1-2, 5, 26-28, 30-31, 36]
Fe 265-280 1.00-1.80 9-20 [3-4, 32-33] 
Ru 240-270 1.80 5-20 [11, 34] 
Pt 392 2.56 12 [12, 35] 
Rh 180-300 1.00-1.80 9-20 [13, 37-39] 
 
 
4.2.3 Static chemisorption measurements at 25–100oC 
H2 or CO static chemisorption was performed typically at 25 or 100
oC.  The catalysts 
were generally reduced in a hydrogen flow at a specific temperature (usually the same as 
the reduction temperature applied in the reaction study) prior to chemisorption 
measurements.  Particle sizes and active metal dispersion were calculated based on the 
assumption of a stoichiometry between chemisorbed gas molecules and surface metal 
atoms, typically 1:1 for both CO/Ms and H/Ms when Ms is a surface metal atom.  The 
representative static chemisorption quantity used (total vs. irreversible) varied with 
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different metals, depending on what has been established in the literature by the best 
correlation with physical techniques, such as TEM.  For example, total chemisorption 
uptake is employed for the estimations of metal dispersion for Co, Fe, Pt, and Rh 
catalysts.  Valid estimations for Ru catalysts, however, can only be obtained by using 
irreversible chemisorption uptake. 
 
4.2.4 Nomenclature 
The nomenclature for the static chemisorption and SSITKA parameters in this study 
is as follows.  NCO
* and NM
* represent the concentration of adsorbed CO and methane 
intermediates, respectively, on the surface under reaction conditions as measured by 
SSITKA (identified by “*”).  Note that the concentration of hydrogen atoms on the 
surface during reaction, unlike C-containing species, cannot be measured by SSITKA 
accurately due to the isotope effect. However, it is well known that during CO 
hydrogenation, most of the metal surface is covered by CO and CHx species since little 
free hydrogen exists in the presence of CO due to competitive adsorption by CO [10], 
although it is possible that for some catalyst systems or at very particular reaction 
conditions, this may not be true.  NT
* represents the total amount of species adsorbed on 




and NCO give the amounts of uptake from static H2 and CO chemisorption, respectively.  
Nchem is a general term for the uptake from chemisorption and can stand for either NH or 
NCO depending on whether H2 or CO chemisorption was measured.   
The nomenclature for the catalysts has been changed from the original references for 
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an easier comparison in this paper. All catalysts are renamed in Table 4.1 in the form of 
‘‘main metal + number’’.  For example, Co1 represents a Co catalyst, the first in the list 
of Co based catalysts, consisting of 20 wt% Co/Al2O3 which had an original 
nomenclature of Co/Al, reported in Ref. [30]. 
 
4.3 Results and discussion 
4.3.1 General 
The adsorption of CO and H2 on several metal catalysts during CO hydrogenation 
has been widely investigated [41,42]. It was found that at FTS conditions, most hydrogen 
chemisorption is reversible. The rate of hydrogen desorption is relatively faster than the 
rate of hydrogen adsorption. Chemisorption of CO is much stronger than that of hydrogen 
at FTS conditions [10], and thus, the surface is primarily covered by CO and hydrocarbon 
intermediates, and the coverage by hydrogen is very low as indicated in the previous 
section.   
Thermodynamics, kinetics of the given reaction, and reaction/chemisorption 
conditions determine whether the amount of chemisorbed species measured by static 
chemisorption is similar to that detected by SSITKA. Thus, it has to be anticipated that 
measurements could be different from static chemisorption for SSITKA of a particular 
reaction or at particular reaction conditions. Surface coverage of adsorbed species 
calculated from static chemisorption results could possibly be different from that 
determined by SSITKA simply due to differences in the temperature of measurement. 
Several major factors affecting surface coverage on metals will be discussed later.  
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The ratio NT
*/Nchem can be an indication of any such differences in the measurements.  
Before discussion of the results for the various metal catalysts, it is useful to list the 




*/Nchem ≈ 1 
When Nchem has a similar value as NT
*, there is a good possibility that:  
 There is full surface coverage for Tchem - TSSITKA.  
 Nchem ≈ NT
* ≈ ΣNi
* ≈ Nmetal,s  
where Nmetal,s = the number of exposed surface metal atoms.  A valid calculation of metal 
dispersion and particle size can be obtained from either NT
* or Nchem, provided there is no 
decoration of the metal surface by support/promoter species. 
 
(b) NT
*/Nchem > 1 
A significantly smaller value of Nchem than NT
* for a specific metal catalyst would 
most likely indicate difficulty in getting full surface metal atom coverage during 
chemisorption measurements, probably due to the temperature of chemisorption being 
too low for adequate kinetics of adsorption, especially with the use of automated 
chemisorption systems.  The effect is particularly evident for catalysts with low metal 
loadings, low reducibilities, or strong metal–support interactions which can affect the 
chemisorption kinetics [10,43].  Much previous literature has focused on the fact that 
chemisorption properties of Group VIII metals can be dramatically altered by reducible 
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metal oxide supports, such as TiO2 [9,44].  For example, the suppression of H2 and CO 
chemisorption in metal/TiO2 systems is typically caused by site blockage due to the TiOx 
overlayers formed during high-temperature reduction [45].  The dispersed metal particles 
may also agglomerate or sinter at higher reduction temperatures resulting in a decreased 
chemisorption [46], although this should be the case for both static chemisorption and 
SSITKA measurements, provided the same catalyst reduction temperature is used. 
 
(c)  NT
*/Nchem < 1 
When Nchem > NT
*, there could be a number of possible reasons.  The first relates to 
the phenomenon of H2 spillover.  The term spillover, in heterogeneous catalysis, is used 
to describe the transport of chemisorption species from the primary adsorption sites on 
one phase to those on another of the catalyst which essentially do not adsorb these 
species directly at the given conditions [47].  It is known that the contribution of H2 
spillover is hard to quantify and can be altered markedly in the presence of impurities, 
especially water and carbon-containing species [48].  H2 spillover is more likely to 
happen at a higher H2 pressure or a higher temperature.  The simplest way to determine 
the existence of H2 spillover is to calculate the hydrogen-to-metal surface atom ratio 
(NH/Nmetal,s), where Nmetal,s is determined by a physical method like TEM or XRD. The 
NH/Nmetal,s ratio should be larger than unity when spillover occurs [49].   
A second explanation for Nchem > NT
* could be the effect of chemisorption 
equilibrium resulting in lower surface coverage (θ < 1) of adsorbed species at the higher 
temperature used for reaction.   
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A third possibility could be that the number of active sites of the catalyst is reduced 
by carbon deposition/coke formation under reaction conditions.  Carbonaceous deposits 
may accumulate significantly (e.g., in the order of 15 wt% of the catalyst) and 
accordingly deactivate the catalyst either by blocking pores or by covering active 
reaction/adsorption sites [50,51].  For instance, Ni catalysts have been found to be very 
active for dry reforming of methane with CO2 [52,53] and for direct cracking of methane 
to hydrogen [54].  However, Ni catalysts deactivate quickly due to coking.  Mechanisms 
of carbon deposition and coke formation on metal catalysts have been studied extensively 
[55,56].   
Finally, changes in the physical/chemical makeup of the catalyst could occur at 
reaction conditions resulting in a loss of active metal sites.  Some changes include 
sintering and solid-state transformation.  Sintering causes the loss of active surface via 
structural modification or coalescence of small metal crystalline into larger ones.  Solid-
state transformation at higher reaction temperatures results in the formation of different 
crystalline phases which may result in significant changes in chemisorption and catalytic 
activity.  Experimental observations have shown that sintering and solid-state 
transformation rates of supported metal catalysts can be significantly affected by the 
temperature [50].  Obviously, some such changes could also occur during standard 
reduction in the catalyst.  If so, the effect should be seen in both static chemisorption and 
SSITKA measurements. 
 
(d) Other issues 
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There are two more points that need to be addressed before any comparison. Firstly, 
the NT
*/Nchem ratio would be affected by the stoichiometry of adsorption for the active 
reaction intermediates. For example, the assumption of H/Ms or CO/Ms = 1:1 is typical 
for H2/CO chemisorption.  However, the active intermediate, CHx or CO, measured by 
SSITKA at reaction temperature may not occupy a single metal surface atom as a site.  If 
so, then the ratio of NT
*/Nchem would not be unity (i.e., NT
* having a value very similar to 
that of Nchem) even if the surface was to be completely covered with adsorbed species.   
Secondly, the comparison attempted in this study is also valid only if the active 
reaction intermediates are formed/adsorbed only on the metal surface, which is true for 
the methanation reaction discussed in this study. If readsorption of reaction 
intermediates/products can take place on non-metal sites, such readsorption must be 
accounted for before a comparison can be made [57,58].  If bifunctional catalysis takes 
place, a comparison with static chemisorption would not be correct. 
 
4.3.2 Co catalysts 
Table 4.3 gives the comparison of static chemisorption (H2 chemisorption at 100
oC) 
and SSITKA (at reaction temperature) results for Co catalysts [1,2,5,26–28,30,31,36]. 
The ratio NT
*/Nchem for all these Co catalysts varied between 0.61 and 1.83. Most of the 
catalysts had values that fluctuated within the smaller range of 0.9–1.1.  In other words, 
for most Co catalysts, the value of NT
*/Nchem was close to unity.  Let us now address why 
all Co catalysts do not give such an ideal result.  Higher ratios were observed for some 
specific supports.  For example, suppression of H2 chemisorption due probably to strong 
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interaction of the metal with the support has been suggested to explain the low hydrogen 
uptakes for TiO2-and small pore MCM-41-supported Co catalysts (Co7–Co8 and Co18–
Co20) [31,36].  TiO2 is a well-studied support where strong metal support interaction has 
been observed [45,59].  The migration of partially reduced TiO2 species onto the metal 
surface has been proposed to cause the suppression of chemisorption in part by a physical 
blockage of active surface sites.  This suppression/blockage would seem to cause also a 
decrease in the surface concentration of intermediates measured by SSITKA since Ti3+ 
cations can be produced by reduction as low as 200oC [45].  Therefore, ratios of NT
*/Nchem 
having values of 1.2–1.3 for Co7 and Co8 are not surprising, although the reduction 
temperature was only 350oC.  The effect was even more significant for small pore MCM-
41-supported catalysts (Co18, Co19, and Co20), giving values of NT
*/Nchem of 1.36–1.83. 
The values of NT
*/Nchem for Co catalysts appear to be able to be decreased by specific 
promoters.  For example, the value gradually decreased as the amount of La promotion 
increased (Co11–Co14) for La/Co = 0–0.75.  However, the ratios still remained relatively 
close to unity (0.75–1.25).  Co15–17 and Co27 were all Co/Ru/Al2O3 with the same 
amounts of components (20 wt% Co and 0.5 wt% Ru).  The effect of preparation could 
be a possible explanation for differences in the ratio seen because Co15–17 were calcined 
at 300, 350, and 400oC, respectively, while Co27 was calcined at 300oC. This might 
explain why Co15 had a closer value to Co27.  The observed difference between these 


























Co1 Al2O3 - 59
a 39 10 49 0.83 [30] 





Co3 γ-Al2O3 - 67
b 32 9 41 0.61 [31] 
Co4 γ-Al2O3 Re: 0.5 wt% 104
b 67 20 87 0.84 ″ 
Co5 γ-Al2O3 Re: 0.5 wt% 132
b 79 30 109 0.83 ″ 
Co6 α-Al2O3 Re: 0.5 wt% 63
b 63 15 78 1.24 ″ 
Co7 TiO2 - 23
b 22 8 30 1.30 ″ 
Co8 TiO2 Re: 0.5 wt% 24
b 20 8 28 1.17 ″ 
Co9 SiO2 - 54
b 31 10 41 0.76 ″ 
Co10 SiO2 Re: 0.5 wt% 59
b 38 11 49 0.91 ″ 
Co11 SiO2 La/Co = 0 
(atomic ratio) 
225c 233 38 271 1.20 [1] 
Co12 SiO2 La/Co = 0.1 361
c 292 119 411 1.14 ″ 
Co13 SiO2 La/Co = 0.3 450
c 253 154 407 0.90 ″ 
Co14 SiO2 La/Co = 0.75 482
c 214 153 367 0.76 ″ 
Co15 γ-Al2O3 Ru: 0.5 wt% 330
c 254 53 307 0.93 [2] 
Co16 γ-Al2O3 Ru: 0.5 wt% 242
c 227 41 268 1.11 ″ 
Co17 γ-Al2O3 Ru: 0.5 wt% 176
c 163 34 197 1.12 ″ 
Co18 MCM-41 Ru: 0.5 wt% 49a 55 12 67 1.36 [36] 
Co19 MCM-41 Ru: 0.5 wt% 55a 57 31 88 1.60 ″ 
Co20 MCM-41 Ru: 0.5 wt% 59a 67 41 108 1.83 ″ 
Co21 MCM-41 Ru: 0.5 wt% 116a 60 34 94 0.81 ″ 
Co22 SiO2 Ru: 0.5 wt% 93
a 56 15 71 0.76 ″ 
Co23 SiO2 Ru: 0.5 wt% 36
a 40 5 45 1.25 [5] 
Co24 TiO2 Ru: 0.18 wt% 61.8
a 40 12 52 0.84 [26] 
Co25 SiO2 - 109
a 60 18.5 78.5 0.72 [27] 
Co26 γ-Al2O3 - 95
d 49.2 10.4 59.6 0.63 [28] 
Co27 γ-Al2O3 Ru: 0.5 wt% 285
d 167 38 205 0.72 ″ 
 
a Based on H2 chemisorption at 100
oC.  Max error = ±5%. 
b Based on H2 chemisorption at 40
oC.  Max error = ±5%. 
c Based on H2 chemisorption at 40
oC.  Max error = ±10%. 






* were the concentrations of adsorbed CO and surface 
intermediates, respectively, measured by SSITKA. 
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4.3.3 Fe catalysts 
A number of SSITKA studies have addressed for bulk Fe-based FTS catalysts (Table 
4.4) [3,4,32,33].  It can be seen from Table 4.4 that values of NT
* were only a small 
fraction of Nchem for most of the Fe catalysts.  The NT
*/Nchem ratios varied from 0.05–0.86. 
A possible explanation for the small NT
* for Fe1 could be due to not including NCO
* since 
it was not reported in the study [33].  However, this does not explain the results for Fe2–
Fe9 where NCO
* was reported.  The small NT
* amounts for Fe2–Fe9 may be explained by 
site blockage following carbon deposition (mainly in the form of inactive coke) at 
reaction temperature [3,4].  A larger NT
*/Nchem could be observed for K-promoted Fe or 
FeMn catalysts (Fe6 and Fe8) compared to that for unpromoted ones (Fe2 and Fe7), 
suggesting that (1) K species may have covered part of surface Fe atoms which results in 
lower CO chemisorption and (2) the amount of carbon deposition in the form of χ-Fe2C5, 
which has been suggested to be the major Fe active carbide phase for FTS [60], increased 
with increasing K content.  The presence of Fe-carbide appears to significantly increase 
NT
* at reaction temperature. 
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Fe1 Cu: 5; K: 4.2  41.2d - 2.0g 0.05 [33] 
Fe1 Cu: 5; K: 4.2  4.5d - 1.3g 0.29 ″ 
Fe2 - - 119e 25h 0.21 [4] 
Fe3 Cr: 5 - 232e 35h 0.15 ″ 
Fe4 Mn: 20 - 140e 35h 0.25 ″ 
Fe5 Zr: 10 - 191e 35h 0.18 ″ 
Fe6 K/Fe=0.015 - 91e 40h 0.44 [3] 
Fe7 Mn/Fe=0.20 - 141e 33h 0.23 ″ 
Fe8 Mn/Fe=0.20 - 108e 93h 0.86 ″ 
Fe9a K/FeMn=4 - 63f 9 0.14 [32] 
Fe9b - - 63f 11 0.17 ″ 
 
a Reaction temperature: 280oC. 
b Reaction temperature: 265oC. 
c The additive of Fe1, Fe3-Fe5 were listed based on wt%.  The additive of Fe6-Fe9 were 
listed based on atomic ratio. 
d Based on H2 chemisorption at 35
oC.  Max error = ±5%. 
e Based on CO chemisorption at 35oC.  Max error = ±5%. 
f Based on CO chemisorption at -196oC.  Max error = ±5%. 
g NCO










4.3.4 Ru catalysts 
Table 4.5 shows the results of two studies of Ru catalysts – one with only non-
decorated Ru (Ru1) [11] and the other with Cu-decorated Ru catalysts (Ru2–Ru5) [34].  
For the Ru catalyst without Cu decoration (Ru1), NT
* remained pretty much constant with 
reaction temperature (in the range 240–270oC) for a given H2 partial pressure.  A similar 
behavior could be observed also for the TOS study.  NT
*/Nchem ratios remained at about 2 
(1.71–2.21) for Ru1, depending on PH2 and PCO during reaction.  It is noted that NM
* 
decreased with increasing H2 partial pressure at a specific reaction temperature.   
For Cu-decorated Ru catalysts (Ru2–Ru5), as can be seen from Table 4.5, Cu 
significantly blocked hydrogen chemisorption sites.  H2 chemisorption in Ref. [34] was 
carried out at -196oC in order to estimate the number of Ru surface atoms and to exclude 
hydrogen spillover onto Cu which can occur during chemisorption at room temperature 
and thus affect the results.  NM
* was relatively constant for different H2/CO ratios.  The 
results suggest that the surface carbon intermediate coverage is largely independent of H2 
partial pressure in this temperature range.  SSITKA results showed that NCO
* went 
through a maximum with moderate Cu/Ru loading (i.e., moderate Cu coverage).  This 
may be explained by a change in Ru surface structure as a result of Cu decoration.  A 
larger NT
*/Nchem ratio (>2) for Cu decorated compared with Cu-free Ru catalysts can be 
observed in Table 4.5.  This probably was due to the Ru surface being blocked by Cu 
adatoms.  While the amount of chemisorption measured by both techniques decreased 
accordingly, the effect appeared to be less significant at reaction temperature, probably 
due to some spillover onto the Cu surface atoms.  
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Based on the limited number of Ru catalysts studied, there appears to be some 
possibility to use SSITKA chemisorption measurements at reaction temperature for 
characterization provided (1) a stoichiometry of NT
*/Nmetal,s = 2 (since NH/Nmetal,s = 1 for 












































Ru1 0 25 110d 240 0.18 237 4.4 241 2.19 [11] 
Ru1 0 25 110d 250 0.18 217 5.0 222 2.02 ″ 
Ru1 0 25 110d 260 0.18 227 3.8 231 2.10 ″ 
Ru1 0 25 110d 270 0.18 202 4.8 207 1.88 ″ 
Ru1 0 25 110d 240 0.72 202 5.3 207 1.88 ″ 
Ru1 0 25 110d 250 0.72 189 8.3 197 1.79 ″ 
Ru1 0 25 110d 260 0.72 194 11.2 205 1.87 ″ 
Ru1 0 25 110d 270 0.72 180 13.8 194 1.76 ″ 
Ru1 0 25 110d 270f 0.45 205 11.6 217 1.97 ″ 
Ru1 0 25 110d 270f 0.45 184 9.8 194 1.76 ″ 
Ru1 0 25 110d 270f 0.45 195 8.9 204 1.85 ″ 
Ru1 0 25 110d 270f 0.45 189 9.0 198 1.80 ″ 
Ru1 0 -196 112.8e 240 0.18 241 7.9 249 2.21 [34] 
Ru1 0 -196 112.8e 240 0.37 207 7.7 215 1.90 ″ 
Ru1 0 -196 112.8e 240 0.55 183 9.8 193 1.71 ″ 
Ru2 0.05 -196 96.4e 240 0.18 260 8.4 268 2.78 ″ 
Ru3 0.10 -196 60.4e 240 0.18 293 7.8 301 4.98 ″ 
Ru4 0.20 -196 39.0e 240 0.18 238 5.9 244 6.25 ″ 
Ru5 0.50 -196 23.0e 240 0.18 198 3.6 202 8.77 ″ 
Ru2 0.05 -196 96.4e 240 0.37 239 9.6 249 2.56 ″ 
Ru3 0.10 -196 60.4e 240 0.37 245 7.2 252 4.18 ″ 
Ru4 0.20 -196 39.0e 240 0.37 224 6.9 231 5.92 ″ 
Ru5 0.50 -196 23.0e 240 0.37 198 3.8 202 8.77 ″ 
Ru2 0.05 -196 96.4e 240 0.55 228 10.6 239 2.48 ″ 
Ru3 0.10 -196 60.4e 240 0.55 250 8.5 259 4.28 ″ 
Ru4 0.20 -196 39.0e 240 0.55 169 5.5 175 4.47 ″ 
Ru5 0.50 -196 23.0e 240 0.55 188 2.4 190 8.28 ″ 
 
a At chemisorption conditions. 
b At reaction conditions. 
c PCO was fixed at 0.036 bar. 
d Based on H2 chemisorption at room temperature.  Max error = ±5%. 
e Based on H2 chemisorption at -196
oC.  Max error = ±5%. 




*.    
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4.3.5 Pt catalysts 
Table 4.6 shows that NT
*/Nchem ratios for unpromoted and K
+-promoted Pt catalysts 
were less than 1 regardless whether the support used was SiO2 or C [12,35].  Catalysts 
containing K+ would be expected to have some of their Pt surface atoms blocked by the 
promoter for both chemisorbing H2/CO and reaction intermediates.  Therefore, this is 
probably not the cause for the low NT
*/Nchem ratios. Rather, it is likely that lower values of 
NT
* at the very high reaction temperature (392oC) required for methanation on Pt due to 
lower coverage caused the NT
*/Nchem ratio to be significantly < 1. 
 




































Pt1 0.1 SiO2 5 55.4
a 20 0.5 20.5 0.37 [35] 
 ″ ″ 90 55.4a 20 0.22 20.2 0.36 ″ 
Pt2 0.2 SiO2 5 55.4
a 16 0.38 16.4 0.30 ″ 
 ″ ″ 90 55.4a 16 0.14 16.1 0.29 ″ 
Pt3 0 C 5 278b 30 0.37 30.4 0.11 [12] 
Pt4 0.2 C 5 264b 29 0.31 29.3 0.11 ″ 
Pt5 0.4 C 5 252b 30 0.25 30.3 0.12 ″ 
Pt6 0.8 C 5 177b 32 0.20 32.2 0.18 ″ 
 
a Based on CO chemisorption at room temperature, in μmol CO/g cat.  Max error = ±5%. 
b Based on H2 chemisorption at 35








4.3.6 Rh catalysts 
Rh/SiO2 catalysts with and without V addition (Rh1 and Rh2) were investigated 
under methanation conditions by SSITKA [13].  It can be seen from Table 4.7 that the 
NT
*/Nchem ratio was almost unity without V promotion (Rh1).  However, with the addition 
of V (Rh2), the high values of NT
*/Nchem (8–24.5) were due to the low H2 chemisorption 
uptake at chemisorption conditions.  The H2 chemisorption results show clearly that H2 
adsorption was seriously suppressed at room temperature with the addition of  V as has 
been shown [13,61].  For Rh/V/SiO2 (Rh2), NM
* and NCO
* decreased as the reduction 
temperature increased, suggesting that the Rh surface as partially covered by VOx species, 
which has been suggested to be a possible cause also for H2 chemisorption suppression.   
Investigations of Rh/Al2O3 (Rh3) and Rh/MgO (Rh4) have also been carried out 
under methanation conditions by Efstathiou and Bennett [37,38] and Efstathiou [39].  
Rh4 had values of NT
*/Nchem similar to that for Rh/SiO2 (Rh1), 1.1–1.2 compared to 1.0–
1.1, respectively.  Although Rh/Al2O3 (Rh3) had values of NT
*/Nchem somewhat smaller 
than those of Rh/SiO2 (Rh1) and Rh/MgO (Rh4), all of these non-promoted Rh catalysts 
had values in the range of ca. 0.6–1.2.  It is possible that some of the differences in the 
ratios for Rh/Al2O3 (Rh3) were either due to (1) differences in the isotopic tracing 
procedures used and/or (2) a partial blockage of some Rh sites by additional spectator 
surface molecules (such as formates) formed on the acid sites of alumina.  
Based on the limited Rh data available, there does appear to be a possibility to 
characterize simple Rh catalysts such as Rh on a non-SMSI-inducing support like SiO2, 
Al2O3, and MgO using SSITKA chemisorption results (with NT
*/Nmetal,s = 1).  However, 
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one would need to be careful when promoters or strong support interactions are present. 
 




































Rh1 - SiO2 300 31.1 280 31.2 0.39 31.6 1.0 [13]
 ″ ″ 600 31.1 280 32.6 0.38 32.9 1.1 ″ 
Rh2 V: 1.5% SiO2 300 1.2 280 18.5 0.25 18.8 15.6 ″ 
 ″ ″ 400 0.6 280 14.5 0.17 14.7 24.5 ″ 
 ″ ″ 500 0.4 280 9.0 0.07 9.1 22.7 ″ 
 ″ ″ 600 0.3 280 2.3 0.01 2.3 7.7 ″ 
Rh3 - γ-
Al2O3 
350 60 220 36.6 2.4 39.0 0.65 [37-
38] 
 ″ ″ 350 60 260 29.4 3.24 32.6 0.54 ″ 
Rh4 - MgO 350 30 260 32.1 0.18 32.3 1.08 [39]
 ″ ″ 350 30 300 34.8 0.30 35.1 1.17 ″ 
 
a Based on H2 chemisorption at 35
oC (Rh1 and Rh2) or 25oC (Rh3 and Rh4).  Max. error 
= ±5%     
b The data in ref. [13] was corrected by multiplying by 2 due to a calculation mistake 








The relationships of the total amounts of chemisorbed species on Group VIII metal 
catalysts at reaction temperature {measured during CO hydrogenation by SSITKA (NT
*)} 
and at 25–100oC {measured by static H2 or CO chemisorption (Nchem)} was 
systematically presented in this paper for Co, Fe, Pt, Ru, and Rh.  Ideally, the ratio of 
NT
*/Nchem should be close to unity if there is full coverage of the metal surface at both 
static chemisorption and reaction temperatures.  However, NT
*/Nchem can deviate from 
unity due to H2 spillover, carbon deposition, formation of metal carbides, SMSI or other 
mechanisms causing active site blockage. 
It is concluded based on data that Co catalysts routinely have close-to-unity values 
for NT
*/Nchem for a wide variety of supports and promoters.  Larger NT
*/Nchem ratios, 
however, are typical for Ru catalysts, even when supported on SiO2 without promoters.  
NT
*/Nchem ratios close to one were observed for Rh/SiO2 and Rh/MgO, but V promotion 
on Rh/ SiO2 increased this significantly because of H2 chemisorption suppression during 
static chemisorption.  Values much smaller than unity can be observed for both Fe and Pt 
catalysts.  Site blockage by carbon deposition at reaction temperatures may be a possible 
explanation for low NT
*/Nchem values observed for Fe-based catalysts.  The low values of 
NT
*/Nchem (due to low NT
*) for Pt catalysts are probably due to the lower coverage at the 
high reaction temperature (392oC), necessary for methanation on Pt.  Thus, Co is the best 
candidate for using chemisorption measured at reaction temperature by SSITKA for 
characterization.  Both Ru and Rh look also like possibilities, provided care is taken to 
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avoid catalysts containing certain components, and, in the case of Ru, a stoichiometry of 
NT
*/Nmetal,s = 2 is used.  
It has been stated that static chemisorption measurements at standard temperatures 
(25–100oC) may not be representative of real active site concentrations under reaction 
conditions [18, 29].  SSITKA has been shown to measure such concentrations.  However, 
it can also provide an alternative means for better understanding causes of chemisorption 
disruption at even static chemisorption conditions.  For Co catalysts, especially, SSITKA 
can be applied as a complementary technique to static chemisorption, XRD line 
broadening, and TEM for better characterizing metal dispersion (availability of surface 
metal atoms) and metal particle size.  Table 4.8 gives a comparison for hypothetical 
particle size measurements based on TEM, static chemisorption and SSITKA results for 
the same samples.  When the results are consistent {(a) and (g)}, SSITKA results just 
confirm the other measurements.  However, when the results are inconsistent with each 
other, SSITKA results provide a means to better ascertain the cause for the inconsistency.  
However, currently, such an application is limited to Co catalysts.  More data is required 




Table 4.8 Hypothetical Co average particle size results from different characterization 
techniques. 
  
Technique TEM Static 
chemisorption
SSITKA Probable Conclusions 
Case (a) small small small Confirmation. 
Case (b) small small large Low θ at reaction conditions due to 
surface blockage by coking/poisons 
or due to adsorption equilibrium at 
higher temperature. 
Case (c) small large small “Suppression” of chemisorption at 
25o-100oC due to slow kinetics.  
Case (d) large small small Incorrect interpretations of TEM 
results are due to clustering of 
small metal particles or 
overlapping of a lot of particles in 
3D that may appear as large 
particles in 2D. 
Case (e) small large large Metal particles are small, but a lot 
of chemisorption blocked by 
support or promoter species 
decoration. 
Case (f) large small large Overestimation of metal dispersion 
due to hydrogen spillover during 
static chemisorption. 
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CHAPTER FIVE  
 
SYNERGY OF COMPONENTS IN CuZnO AND CuZnO/Al2O3 ON METHANOL 
SYNTHESIS: ANALYSIS AT THE SITE LEVEL BY SSITKA  
 
In the present study, the effects of the individual components and an Al2O3 support on 
CuZnO for methanol (MeOH) synthesis were investigated for the first time using steady-
state isotopic transient kinetic analysis (SSITKA).  A fix-bed differential reactor was 
used at 250oC and 1.8 atm.  Surface reaction times for MeOH and dimethyl ether (DME) 
were corrected for readsorption.  The presence of ZnO was found to decrease the 
hydrocarbon formation ability of Cu.  By comparing the surface reaction parameters, it 
can be suggested that Cu/Al2O3 and ZnO/Al2O3 catalysts exhibit lower MeOH formation 
rates compared to CuZnO or CuZnO/Al2O3 due to both lower intrinsic “site” activities 
and lower concentrations of active surface intermediates (related to active sites).  The 
synergy between Cu and ZnO, however, based on MeOH TOFITK (a measure of site 






Copper-based catalysts are extensively applied in industrial reactions such as water-
gas shift reaction [1], methanol reforming [2-4] and methanol synthesis [5-7].  CuZnO 
based catalysts, owing to their high commercial relevance for methanol synthesis, have 
received much attention in the past three decades [8-10].  Burch and Golunski [9], based 
on a study of adding different metal oxides (Al2O3, ZrO2, Ga2O3 or ZnO) to Cu/SiO2, 
concluded that there is a definite increase in reaction rate for MeOH synthesis per unit 
area copper after adding some of these components.  The most apparent is the synergy 
between ZnO and Cu as also found in other studies [11].  The binary catalysts have been 
found to lead to several orders of magnitude higher activity than that of metallic Cu or 
pure ZnO [10].  Moreover, several studies have reported that the specific rate for 
methanol synthesis on CuZnO catalysts was significantly affected by the use of different 
supports or additives, which suggested that there is a synergy between Cu and ZnO [12-
13].  Despite the main components being the same, many researchers have found that the 
properties of CuZnO-based catalysts can be greatly altered by the modification of surface 
acidity on a solid acid support, such as by adding sulfate to γ-Al2O3 [14-15] and MgO to 
HZSM-5 [16]. 
Mechanisms for methanol synthesis from syngas on CuZnO based catalysts have 
been proposed with regards to the nature of active sites and the valence of copper using 
several different models, such as: (i) Cu+ in ZnO or dispersed on ZnO, (ii) Cu0 supported 
on ZnO, and (iii) Cu-Zn alloy.  It has been proposed by several groups that the active 
phase for methanol synthesis is the Cu+ species dissolved in or supported on ZnO [11, 17-
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21].  The function of the zinc component was suggested either to stabilize Cu+ species or 
to form Cu+/ZnO along with oxygen vacancies.  Other groups have found a direct 
proportionality between the catalytic activity for methanol synthesis and metallic Cu 
surface area [22-25].  Microkinetic modeling was applied to support this point by using 
surface science measurements for Cu single crystal surfaces [26].  This microkinetic 
model study suggested that metallic Cu may be the active site for methanol synthesis, and 
the interaction between Cu and ZnO is crucial to help dynamic spreading of the Cu 
particles on the support.  The formation of Cu-Zn alloy during reduction has also been 
proposed to result in active sites for methanol synthesis based on an observed increase in 
TOF with higher reducing conditions [27-29].  The formation of the proposed resulting 
surface alloy has been suggested to be reversible.  That is, the surface alloy is destroyed 
upon increasing the oxidation potential, and such a process may cause the unique 
transient behavior observed in CuZnO catalysts [29-30].  
Part of the controversy as to the mechanism originates from issues concerning the 
role of ZnO and the active sites for CuZnO based catalysts.  It has been widely accepted 
that ZnO as a support results in higher Cu dispersion.  The contentious issue is the effects 
of ZnO other than as the support.  ZnO may affect the particle morphology of Cu, which 
could play an important role in the specific activity for methanol synthesis due to the 
structure sensitive nature of the reaction [23, 26, 29].  On the contrary, it has been 
reported that a physical mixture of metallic Cu and ZnO during reduction formed active 
sites for methanol synthesis [27, 31].  ZnO can be regarded as a reservoir for spillover 
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hydrogen, which by reverse spillover may increase hydrogenation of adsorbed 
intermediates on Cu sites [9, 32]. 
The application of the CuZnO system is sometimes limited by the essentially low 
catalytic activity.  Various modifications, therefore, have been proposed such as addition 
of a suitable promoter [33-34] or introduction of an effective additional support [35-36].  
Currently, industrial methanol synthesis is conducted at relatively low pressures (35-55 
bar) and 200o-300oC over CuZnO/Al2O3 [8].  A large number of studies have been 
carried out to investigate the catalytic structure, the oxidation state of Cu and ZnO, the 
reaction mechanisms and the synergetic effect for CuZnO based catalysts [12-13, 18, 22-
23, 29-30, 37].  However, limited information has been obtained regarding the number 
and activity of active sites using an in-situ technique. 
The focus of this paper was to study in detail, using SSITKA (steady-state isotopic 
transient kinetic analysis) and Al2O3-supported Cu and ZnO, the synergy between the 
different components and the impact of an Al2O3 support on CuZnO catalysis.  SSITKA 
is one of the most powerful in-situ kinetic techniques for analyzing surface reactions.  It 
permits the accurate measurement of surface reaction parameters under reaction 
conditions [38-39].  In this study, surface residence times and concentrations of 
intermediates leading to methane, methanol (MeOH) and dimethyl-ether (DME) during 
CO hydrogenation and the time-on-stream (TOS) behavior were measured and are 
discussed.  Such measurements carried out under reaction conditions can help us to better 
understand the causes of differences observed in catalytic behavior.  Two main issues are 
addressed, therefore, in this paper using SSITKA: (1) the synergy between Cu and ZnO 
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for MeOH synthesis on CuZnO or CuZnO/Al2O3; and (2) the change in the surface 
parameters for MeOH synthesis for CuZnO catalysts upon using an Al2O3 support. 
 
5.2 Experimental 
5.2.1 Catalyst preparation 
Copper nitrate trihydrate (Acros, 99%), zinc nitrate hexahydrate (Alfa Aesar, 
99.998%), and Al2O3 (Alfa-Aesar, γ-phase, 99.98%) were used without further 
purification.  CuZnO (Cu:ZnO = 2:1, by mass) was prepared by a precipitation method.  
In general, the desired amounts of aqueous copper nitrate and zinc nitrate solutions were 
mixed to produce 6 g of CuZnO.  The mixture was then precipitated by Na2CO3 solution 
(Na2CO3: H2O = 1:3) at room temperature, and the resulting solution mixture was left in a 
fume hood overnight.  The mixture was filtered, washed 6 times with 1 L of hot (ca. 
100oC) deionized water, dried at 120oC for 12h, and calcined in an oven at 350oC in air 
for 4h.  CuZnO/Al2O3 (CuZnO content = 20 wt%, with 13.3 wt% Cu and 6.7 wt% ZnO) 
was prepared by the incipient wetness impregnation method.  Al2O3 as a support was 
impregnated with an aqueous solution of copper and zinc nitrate.  After mixing and 
stirring, the mixture was dried at 90oC for 4 h and then at 120oC overnight before being 
calcined in air at 350oC for 4 h (ramp rate to 350oC of 10oC/min) to remove nitrogen-
containing species.  Cu/Al2O3 and ZnO/Al2O3 were also prepared by the incipient 
wetness impregnation method similar to the procedure for preparing CuZnO/Al2O3 using 
aqueous solutions of copper or zinc nitrate (resulting Cu contents = 13.3 and 20 wt%; 
resulting ZnO contents = 6.7 and 20 wt%).  13.3Cu/Al2O3 and 20Cu/Al2O3 represent 13.3 
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and 20 wt% Cu/Al2O3 while 6.7ZnO/Al2O3 and 20ZnO/Al2O3 represent 6.7 and 20 wt% 
ZnO/Al2O3, respectively.  Catalyst characterization, CO hydrogenation, and SSITKA 
were compared mainly using 20 wt% Cu/Al2O3 and 20 wt% ZnO/Al2O3 due to their 
higher activities.  The comparisons of (13.3Cu/Al2O3 vs. 20Cu/Al2O3) and 
(6.7ZnO/Al2O3 vs. 20ZnO/Al2O3) using CO hydrogenation and SSITKA measurements 
(section 3.2 and 3.3) were made to exclude any differences due to catalyst loading. 
 
5.2.2 Catalyst characterization 
BET surface areas, pore volumes, and pore sizes were estimated using nitrogen 
adsorption at -196oC in a Micromeritics ASAP-2020.  Prior to measurements, the catalyst 
samples were degassed under a vacuum of 10-3 mm Hg at 150℃.  
A Scintag XDS 2000 θ/θ powder X-ray diffractometer (XRD) using Cu Kα1/Kα2 (λ 
= 1.540592Å and 1.544390Å, respectively) radiation and a step size of 0.03o was used to 
identify the phases and crystallinity of the catalysts. 
HRTEM images were obtained to investigate the morphology of the catalysts in this 
study using a Hitachi 9500 with an accelerating voltage of 300kV.  However, due to the 
difficulty of distinguishing the Cu particles and ZnO from the Al2O3 support, no 
information was able to be obtained and, therefore, the images are not shown. 
 
5.2.3 CO hydrogenation 
CO hydrogenation was performed in a differential fixed-bed reactor.  A catalyst 
sample (1 g) was diluted with 2 g of α-alumina for the purpose of minimizing channeling 
and hot spots.  The samples were loaded between quartz wool plugs in the middle of the 
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reactor and the temperature was observed by positioning a thermalcouple internally close 
to the catalyst bed.  The catalyst was heated from room temperature to 300oC with a ramp 
rate of 5oC /min, maintained at that temperature for 1 h in a H2 flow (30 ml/min) at 1 atm 
for reduction, and then cooled down to the reaction temperature of 250oC.  After 
reduction, reaction was started by switching the gas flow to a CO-H2-He mixture (CO: 3 
mL/min, H2: 24 mL/min and He: 3 mL/min) at a constant pressure of 1.8 atm.  A ratio of 
H2/CO = 8 was used to minimize deactivation [40].  The reaction system lines and the 
sampling valves were kept at 200oC with heating tape to avoid condensation of products.  
Blank runs with an empty reactor indicated no activity of the reaction system without a 
catalyst presented.  The effluent samples were analyzed on-line using a Varian 3380 GC 
equipped with a Restek RT-QPLOT column (I.D. 0.53 mm and length 30 m) connected 
to a flame ionization detector (FID) for hydrocarbons and oxygenates detection, and with 
a Restek HayeSep® Q column (I.D. 3.18 mm and length 1.83 m) connected to a thermal 
conductivity detector (TCD) for CO and CO2 detection.  The reaction reached a pseudo-
steady state after 15 h TOS (time-on-stream). 
The identification and calibration of the products were accomplished using standard 
gases [alkanes (C1-C7), alkenes (C2-C7) and oxygenates (methanol, ethanol, 1-propanol, 
1-butanol, acetaldehyde and acetone); Scott Specialty Gases].  In all reaction studies, the 
maximum conversion was kept below 5% to minimize concentration and temperature 
gradients.  The carbon selectivity (in C atom%) for a certain product was calculated 
based on carbon efficiency using the formula niCi/ΣniCi, where ni and Ci represent the 
carbon number and molar concentration of the ith product, respectively. 
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5.2.4 SSITKA 
Surface reaction measurements were carried out in the reaction system adapted for 
SSITKA (Figure 5.1).  SSITKA measurements were made by switching between 95% 
12CO + 5% Ar (National Specialty Gases) and 13CO (Isotec, 99%) using a Valco 2-
position valve with an electric actuator without disturbing any other reaction conditions 
(i.e., the reaction total flow rate and the total pressure for the two gas feed streams were 
maintained at constant values during the switch).  The gas phase hold-up time was 
determined using the 5% Ar in the unlabelled 12CO stream as an inert tracer.  The effluent 
gas was analyzed on-line by GC (as described for CO hydrogenation) and a Pfeiffer mass 
spectrometer (MS) with a high-speed data acquisition system.  Two back pressure 
regulators in the system were used to ensure a constant reaction pressure and to minimize 
any pressure disturbance during the switch.  The reaction conditions were the same as for 
the regular CO hydrogenation studies.  SSITKA measurements were taken after 5, 25, 45, 
60, 90, 120, 180, 240, 300, and 360 min of reaction for every catalyst. 
Readsorption effects on the kinetics parameters were estimated after steady-state 
reaction was achieved at 250oC and 1.8 atm.  The total flow rate of reactants was varied 
from 10 to 45 mL/min for partial pressures of CO and H2 of 0.2 and 1.6 atm, respectively, 












5.3.1 Catalyst characterization 
The BET surface areas, pore volumes and average pore sizes are shown in Table 5.1.  
Al2O3-supported catalysts exhibited a marked higher BET surface area as well as pore 
volume compared to unsupported CuZnO, as expected.  The specific surface area and 
pore volume of CuZnO/Al2O3 were between those of 20Cu/Al2O3 and 20ZnO/Al2O3.  It 
should be noted that the pore sizes for all catalysts were very similar.   
Figure 5.2 shows the XRD patterns of the calcined catalysts.  The diffraction peaks of 
CuO could be observed at 2θ = 35.6o, 38.8o and 48.9o (JCPDS 80-1268) for all Cu 
containing catalysts.  However, no discernible Cu metal or Cu2O diffraction peak at 2θ = 
43.3o and 41o, respectively, could be observed for the calcined catalysts.  The results are 
in agreement with those reported in the recent literature [41] that no Cu+ or Cu0 could be 
observed for CuZnO calcined at a relatively low temperature, ca. 500oC.  The diffraction 
peaks for CuO were larger for 20Cu/Al2O3 and CuZnO/Al2O3 than for CuZnO, indicating 
a higher degree of crystallinity for CuO on the former two catalysts, even though the 
amount of Cu in CuZnO was greater.  The average crystalline sizes of CuO in the 
calcined catalysts estimated by the Scherrer equation are shown in Table 5.1.  CuO 
crystalline size was essentially the same for CuZnO/Al2O3 and CuZnO (within ± 10% 
experimental error).  For catalysts containing ZnO, very weak diffraction peaks at 2θ = 
34.5o, 36.3o could be observed, which can be assigned to ZnO.  The crystalline size for 
ZnO could not be determined due to the weak diffraction peaks.  This may be explained 
by high dispersion and the existence of X-ray amorphous ZnO (in the form of thin rafts or 
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small particles) in ZnO containing catalysts.  There were also small and broad peaks 
visible at 2θ = 31.3o, 36.9o, 59.4o, which could be due to the spinel ZnAl2O4.  However, 
the compounds CuAl2O4 and ZnAl2O4 display nearly identical diffraction patterns, 
resulting in difficulty in identifying the XRD patterns for these individual compounds.  
Previous studies [41-42] have reported that the peaks should correspond to zinc aluminate 
due to bulk CuAl2O4 being thermodynamically unstable below 600
oC [41, 43] and the 
fact that copper aluminate forms above 900oC [44].  However, the existence of some sort 
of meta-stable surface CuAl2O4 cannot be ruled out due to the presence of copper in these 
catalysts.   
 













CuZnO 17.1 0.10 25.3 5.8 
CuZnO/Al2O3 72.6 0.39 21.3 6.3 
Cu/Al2O3 54.5 0.30 25.6 7.0 
ZnO/Al2O3 88.4 0.48 21.8 - 
 
a Al2O3-supported catalysts contained 20 wt% of Cu, ZnO or CuZnO (13.3 wt% Cu and 
6.7 wt% ZnO). 
b Max. error = ±5%. 












































Figure 5.2 XRD patterns of the calcined catalysts. 
 
5.3.2 CO hydrogenation 
Figure 5.3 shows the time-on-stream behavior for the overall reaction rate for CO 
hydrogenation on the various catalysts.  All the catalysts exhibited induction periods, 
reaching steady-state reaction after ca. 250 min except for the CuZnO catalyst which was 
essentially at steady-state after only 50 min of reaction.  Similar induction behaviors for 
MeOH synthesis on CuZnO and Cu supported catalysts have been previously reported 
[45-46].  CuZnO/Al2O3 gave the highest overall steady-state reaction rate while 
ZnO/Al2O3 had the lowest.  CuZnO had a much higher initial rate comparing to that of 
CuZnO/Al2O3; however, its rate steadily increased to a slightly higher value than that of 
CuZnO after about 200 min.  It is noteworthy that CuZnO/Al2O3 contained only 20 wt% 
CuZnO.  Therefore, if reactivity is compared on a CuZnO weight basis, the difference in 
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catalytic performance for the two catalysts would be even more significant.  A 
comparison on CuZnO weight basis for these two catalysts will be discussed in a later 
section. 
 









































Figure 5.3 Overall reaction rate for CO hydrogenation vs. TOS. 
 
Figure 5.4 and Figure 5.5 display the TOS behavior for the formation of MeOH and 
DME on the various catalysts.  The formation of DME has been reported to occur due to 
dehydration of MeOH on acid sites on the Al2O3 support [47-48].  Therefore, the 
formation of MeOH and DME should be considered together for MeOH activity 
evaluation when the synthesis of MeOH occurs on catalysts with acidic supports, such as 
Al2O3 or SiO2-Al2O3.  It can be seen that obvious induction periods occurred for both 
MeOH and DME formation.  CuZnO exhibited the highest rate for MeOH (as an effluent) 
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all the time since it formed no DME, as expected.  20Cu/Al2O3 and 20ZnO/Al2O3 had 
low but steadily increasing rates for both MeOH and DME formation but with different 
selectivities.  The induction periods for CuZnO/Al2O3 were different for MeOH and DME.  
The formation rate of MeOH increased markedly and reached the highest value fast (less 
than 240 min).  However, the formation rate of DME increased slowly and only reached 
steady-state after 300 min TOS. 
 



































































































Figure 5.5 Rate of DME formation vs. TOS during CO hydrogenation. 
 
Table 5.2 summarizes the results for CO hydrogenation on the catalysts at steady-
state reaction conditions.  The product for CuZnO was totally MeOH all the time while 
half of the MeOH produced was converted to DME on CuZnO/Al2O3 at steady-state.  
Both 20Cu/Al2O3 and 20ZnO/Al2O3 had relatively high selectivities for CH4 during 
initial reaction (data not shown)- 100% and 32.8% for 20Cu/Al2O3 and 20ZnO/Al2O3, 
respectively.  An induction period could be observed for CH4 on 20Cu/Al2O3 but not on 
20ZnO/Al2O3.  At steady-state, there were still significant amounts of CH4 formed 
(68.4%) on 20Cu/Al2O3 but none on 20ZnO/Al2O3.  Therefore, the overall steady-state 
rate included CH4 formation only for Cu/Al2O3.  Only oxygenates were produced at 
steady state for all the catalysts except Cu/Al2O3.  This increase in rate of the formation 
of oxygenates with TOS was not simply due to the conversion of the active sites which 
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produced methane to ones producing MeOH (and DME) since the overall CO 
hydrogenation rate increased at the same time.  It should be noted that MeOH synthesis 
for 13.3Cu/Al2O3 and 6.7ZnO/Al2O3 were also carried out for the purpose of comparison 
to CuZnO/Al2O3, which contained 13.3 wt% Cu and 6.7 wt% ZnO.  The product 
distributions for 13.3Cu/Al2O3 and 6.7ZnO/Al2O3 were very similar to those for 
20Cu/Al2O3 and 20ZnO/Al2O3.  The reaction rates of course were lower for 
13.3Cu/Al2O3 and 6.7ZnO/Al2O3, but the lower rates were not proportional to the lower 
in loadings.  This is not surprising because lower loadings usually lead to increased 
dispersions. 
 










Steady-state rate of specific 
products (μmol C/g-cat./s) 
Steady-state selectivity 
of specific products 
(%C)c 
CH4 MeOH DME CH4 MeOH DME
CuZnO 0.59 0.113 - 0.113 - - 100 - 
CuZnO/Al2O3
d 0.61 0.126 - 0.066 0.057 - 52.3 44.9
13.3Cu/Al2O3 0.30 0.059 0.042 0.007 0.010 71.1 12.4 16.5
20Cu/Al2O3 0.35 0.070 0.048 0.010 0.012 68.4 14.0 17.5
6.7ZnO/Al2O3 0.13 0.025 - 0.012 0.013  47.7 52.3
20ZnO/Al2O3 0.24 0.048 - 0.024 0.024 - 49.6 50.4
 
a Catalyst: 1g, inert (α-Al2O3): 2g.  Reaction was carried out at 250
oC; PT = 1.8 atm, flow 
rate = 30 mL/min (H2: He: CO = 8:1:1.).  All reactions were carried out at differential 
conversions with % CO conversion < 5%.  Max. error = ±5%. 
b At steady-state (after 6 h reaction). 
c Carbon selectivity = niCi/ΣniCi. 




5.3.3 SSITKA measurements 
SSITKA was used to determine the surface concentrations and average reaction 
residence times of the active methane, MeOH and DME intermediates.  Figure 5.6 shows 
a typical set of normalized transients obtained by switching from 12CO to 13CO for 
CuZnO/Al2O3 at steady-state.  No methane transient is present since no CH4 formation 
was detected (even by GC) for this catalyst.  Transients for DME with one 12C and one 
13C (DME’) or with two 12C (DME”) are also shown in Fig. 6.  It can be seen that the 
transient behavior of DME” is similar to the products with a single 12C like MeOH.  
However, the transient for DME’, formed only later after 12CO switching to 13CO when 
13C was able to be included in DME synthesis, went through a maximum.  The average 
surface residence times of the reactive species (τi) except τDME’ are equal to the area 
between the normalized transients of the corresponding species and the inert tracer Ar.  
τDME’ was calculated by subtracting the area below the Ar normalized transient curve 
from that of DME’.   
Table 5.3 shows the surface parameters (τi and Ni) for various catalysts at steady-state 
on various catalysts for methane, MeOH and DME.  τCH4 could not be estimated for 
CuZnO, CuZnO/Al2O3, 6.7ZnO/Al2O3, and 20ZnO/Al2O3 at steady-state due to their low 
activities for methane formation.  τDME was calculated by combining the residence times 
obtained from both DME’ and DME” according to the proportion of 12C distribution 
(τDME = 1/3*τDME’ + 2/3*τDME”).  Since the formation of DME occurred by the 
dehydration of MeOH on the acid sites of Al2O3 as a secondary reaction [47], the value of 
τDME should be always larger than τMeOH, as was found here.  Figure 5.7 and Figure 5.8 
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show the time-on-stream behavior of τMeOH and τDME, respectively, for the various 
catalysts.  τMeOH for CuZnO and for CuZnO/Al2O3 were similar and decreased slightly as 
time proceeded, reaching a constant value after ca. 120 min.  However, τMeOH for 
20ZnO/Al2O3 increased significantly while that of 20Cu/Al2O3 stayed at a fairly fixed 
value within experimental error, or only slightly decreased.  τDME decreased somewhat 
over time for catalysts that produced DME.  Plots of τi vs. TOS were similar for 
13.3Cu/Al2O3 and 20Cu/Al2O3 and for 6.7ZnO/Al2O3 and 20ZnO/Al2O3 (not shown).   
The concentration of active surface intermediates for a specific product can be 
determined by Ni = Ratei*τi [38-39].  The units of rate in this paper are based on carbon 
atom amount; therefore the value for NDME (units: μmol of product/g) was calculated by 
multiplying the rate by 0.5.  That relationship is represented by the following equation: 
NDME = 0.5*[RateDME]*[ τDME] 
     = 0.5*[RateDME]*[ 1/3*τDME’ + 2/3*τDME”] 
The factor of 0.5 was required to correct the rate from “carbon amount basis” to “product 
basis” because DME contains two carbons.  Ni and τi at steady-state (Table 3) were very 
similar for (13.3Cu/Al2O3 vs. 20Cu/Al2O3) and (6.7ZnO/Al2O3 vs. 20ZnO/Al2O3), 
suggesting that the intrinsic activity and surface parameters were not affected by the 
amount of Cu or ZnO on Al2O3 in this range.   
The surface concentration of the intermediates (Ni) is the most precise parameter 
obtained by SSITKA since the calculation is based only on a mass balance.  However, 
one needs to be careful in interpreting both τi and Ni due to the fact that MeOH can easily 
readsorb and that the intermediates leading to DME consist of MeOH produced on 
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CuZnO sites and further reacted on acid sites of the Al2O3.  Before the results can be 
analyzed, these values must be corrected for readsorption.  This will be shown and 
discussed in the next section.   
 
Table 5.3 Uncorrected steady-state surface reaction parameters for MeOH synthesis on 




c Ni (μmol of product/g)
e 
CH4 MeOH DME
d CH4 MeOH DME
f CO 
CuZnO - 2.9 - - 0.33 - 4.0 
CuZnO/Al2O3 - 3.1 7.4 - 0.20 0.21 3.1 
13.3Cu/Al2O3 2.4 6.9 8.9 0.097 0.03 0.06 2.6 
20Cu/Al2O3 2.3 7.5 9.2 0.110 0.03 0.08 2.5 
6.7ZnO/Al2O3 - 8.4 13.0 - 0.10 0.08 3.2 
20ZnO/Al2O3 - 8.1 12.6 - 0.19 0.15 3.1 
 
a Catalyst: 1g, inert (α-Al2O3): 2g.  SSITKA measurements were carried out at 250
oC; PT 
= 1.8 atm, flow rate = 30 mL/min (H2: He: CO = 8:1:1).  Max. error = ±10%. 
b At steady-state (after 6 h reaction). 
c Surface residence time of intermediates. 
d τDME = 1/3* τDME’ + 2/3* τDME”, where DME’ = DME with one 
12C and one 13C and 
DME” = DME with two 12C.   
e Ni = Ratei*τi, except for DME. 











































Figure 5.6 Typical normalized transient responses for MeOH, DME and Ar following a 
(12CO + Ar)//(13CO) switch for CuZnO/Al2O3. (no detectable CH4 was produced) 
 


































Figure 5.7 Surface reaction residence times for MeOH (τMeOH) vs. TOS.  
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Figure 5.8 Surface reaction residence times for DME (τDME) vs. TOS. 
 
5.4 Discussion 
5.4.1 Correction for readsorption effects and meaning of the surface reaction parameters 
SSITKA is a powerful technique to determine average surface reaction parameters 
under reaction conditions.  However, readsorption can have a significant effect on the 
values of surface residence times measured for some oxygenates, such as MeOH and 
acetaldehyde, as reported elsewhere [40, 48-51].  This is due to the strong readsorption 
ability of these oxygenates in the catalyst bed and the resulting chromatographic effect.  
By performing CO hydrogenation with different total flow rates, the impact of 
readsorption is able to be ascertained.  It is clear as shown in Figure 5.9 that τMeOH 
increases linearly with increasing space time in the catalyst bed.  The results clearly show 
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that interparticle readsorption contributed significantly to the values of the surface 
reaction residence times as previous noted by our group [49, 51-52].  Therefore, the 
readsorption effect cannot be ignored and must be taken into account before any full 
interpretation of SSITKA data.  By extrapolating τMeOH to 0 space time, a more accurate 
estimation of MeOH residence time during synthesis can be obtained (τ0MeOH) [40, 48-50].  
However, this corrected value, τ0MeOH, may still be a slight overestimation of the real 
reaction residence time due to possible readsorption occurring on sites within pores, 
which is much more difficult to eliminate.  Readsorption is a requirement for DME 
formation (from MeOH synthesis) but can also affect the surface residence time for DME 
[40, 48-49, 52].  Thus, τDME’ and τDME” were also corrected by a similar method as 
performed for MeOH (not shown).  A final overall corrected value for DME, τ0DME, can 




DME”.  A 
more accurate estimation of the concentration of active surface intermediates, N0i, can be 
calculated using the corrected surface residence time, τ0i.  It should be noted that τMeOH 
only needs to be corrected for reversible MeOH readsorption, but not for DME formation. 
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Figure 5.9 τMeOH vs. space time during MeOH synthesis at steady state. 
 
Figure 5.10 shows a scheme for the comparison of the formation of MeOH and DME 
on CuZnO and CuZnO/Al2O3 surfaces.  It can be seen from Figure 5.10 (a) that reactants 
(CO + H2) react on the active sites on the surface of CuZnO, and then desorb as MeOH 
molecules.  Figure 5.10 (b), however, shows that the products of MeOH and DME are 
formed in more complex ways for CuZnO/Al2O3: (1) CO and H2 react first on the active 
sites on CuZnO and produce MeOH as in Figure 5.10 (a); (2) some of the MeOH formed 
by (1) readsorbs on surface sites of Al2O3, then desorbs as MeOH without further 
reaction occurring; and (3) some of the MeOH formed by (1) readsorbs on surface acid 
sites of Al2O3 reacting to form DME which subsequently desorbs.  Obviously, 
readsorption of MeOH and DME molecules can occur multiple times which is the reason 









N0MeOH for CuZnO is calculated according to an equation similar to that given in the 
previous section because no DME formed: 
N0MeOH = τ
0
MeOH * RMeOH 
The equation to calculate N0MeOH for all catalysts containing Al2O3 and able to 
produce DME, however, must be modified because both MeOH and DME derive from 
MeOH intermediates, so that the total rate of MeOH synthesis is the sum of rates for 
MeOH and DME. 
N0MeOH = τ
0
MeOH * (RMeOH + RDME) 
Since DME is formed by the readsorption of MeOH formed on the acid sites of 
Al2O3, the corrected average surface reaction residence time for the formation of DME 
from MeOH actually consists only of the difference between the corrected average 
surface residence times measured for DME and MeOH.  As mentioned in the previous 
section, DME intermediates can be separated into two types according to the number(s) 
of 12C on the product.  At any given time (and in particular at the time of the isotopic 
switch), two kinds of situations exist on the acid sites of Al2O3 surface making DME: (1) 
some sites are occupied by 2-C intermediates (essentially as DME) and give rise to 
DME”, (2) some other sites have only 1-C DME precursor intermediates (essentially as 
MeOH) and then give rise to DME’.  It would be nice if N0DME” and N
0
DME’ could be 
determined separately.  However, the steady-state reaction rate for DME (RDME) was a 
combination of RDME’ and RDME”.  RDME’ and RDME”, which varied with time during the 
isotopic transient, were difficult to separate due to limitations of the equipment and 
varied with time during the transient (i.e., were never constant).  However, a relative 
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MeOH]  (units: μmol DME/g-cat.) 
The factor of 0.5 is used for N0DME since RDME was calculated on a carbon atom basis but 
DME involves 2 carbon atoms.  N0DME also underestimates slightly the number of 
occupied sites since it does not take into account that some sites have only a 1-C 
precursor on them.  Moreover, there may be some potentially active sites on the Al2O3 
which are not occupied (vacant sites) at the time of switch. 
In summary, N0MeOH and N
0
DME represent the concentration of active intermediates 
on the catalyst surface for MeOH and DME, respectively, at steady-state.  This is closely 
related to the number of active sites with reaction at steady-state.  The total number of 
sites would also include ones not occupied (vacant) at any given time, ones occupied by 
readsorbing products without further reaction, and deactivated sites. 
The intrinsic activity is typically determined by dividing the rate for a specific 
product by the number of exposed surface sites based on chemisorption results (TOFchem).  
However, TOFchem does not represent a true intrinsic activity since the surface atoms/sites 
measured by chemisorption are not usually identical to the active surface sites for 
reaction and some active sites may have deactivated during the approach to steady-state 
[39].  A more accurate way to determine the true intrinsic activity for the active sites is 
from the reciprocal of τi (or τ
0
i in this case) obtained by SSITKA measurements (TOFITK).  
This is equal to Ri/N
0
i, which is rate of “i” formation divided by the number of active 
surface intermediates of “i” (related closely to the number of active sites).  This number 
 111
has also been considered as a pseudo-first-order constant rate ki in previous studies [40, 












TOF0ITK for the various catalysts.  A better understanding of the main issues addressed by 
this paper can be reached by interpreting the corrected values of the surface reaction 
parameters from SSITKA in combination with the characterization and reaction results. 
 
 














































CuZnO 1.2 0.83 0.14 0.21 0.42 - - - - - 
CuZnO/Al2O3 1.2 0.83 0.15 1.13 2.24 7.6 4.6 5.6 0.23 0.125 
20Cu/Al2O3 3.4 0.29 0.08 0.40 - 8.8 6.4 7.2 0.26 0.023 







 are the corrected values for τMeOH, τDME’ and τDME”, 




DME”) were obtained by 
extrapolating τMeOH, τDME’ or τDME”
 to 0 s of space time. 
b TOF0ITK,i = 1/τ
0
i. 
c For CuZnO: N0MeOH = τ
0












d τ0DME = 1/3* τ
0
DME’ + 2/3* τ
0
DME”. 








5.4.2 Impact of the Al2O3 support on CuZnO 
A support may provide not only a good dispersion of the active components but also 
a modification of the interactions between the main components and promoters [53].  It is 
known that the nature of the support can change the activity and selectivity of CuZnO for 
CO/CO2 hydrogenation [36, 53-55].  Sun et al. [54] found that the addition of Al2O3 to 
CuZnO binary catalysts led to smaller crystallites and made Cu and ZnO an amorphous-
like structure, which resulted during CO2 hydrogenation in a higher CO2 conversion and a 
higher yield of MeOH.  Shishido et al. [36] proposed that the addition of Al2O3 species 
inhibited the aggregation of Cu in a CuZnO system based on BET results and Cu metal 
surface area.  In this investigation it was found that CuZnO/Al2O3 had a much higher 
BET surface area and pore volume than that of CuZnO, in agreement with reported 
results that the surface area for CuZnO/Al2O3 catalysts is mostly due to Al2O3 [42].  It is 
noteworthy that XRD patterns of the catalysts before reduction (Figure 5.2) were 
dominated by the presence of copper oxide.  The distinct diffraction lines in non-reduced 
CuZnO and CuZnO/Al2O3 were mostly assignable to CuO.  Along with the high 
dispersion/amorphous ZnO patterns, these results suggest that ZnO species/structure 
served as spacers between Cu particles in the reduced catalysts, preventing Cu from 
sintering.  A similar observation has also been made by Kasatkin et al. [56] based on their 
TEM results. 
Since the active sites for CO hydrogenation are located on CuZnO and not the 
support, expression of rate on a CuZnO weight basis would be useful for a better 
understanding of the catalytic performance of the various CuZnO based catalysts.  Table 
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5.5 shows a comparison of reaction rates on this basis for both CuZnO and CuZnO/Al2O3.  
It can be seen in Table 5.5 that CuZnO/Al2O3 exhibited a 5.6 times higher overall activity 
compared to CuZnO.  MeOH was the only product for both catalysts initially (data not 
shown).  However, with TOS, the selectivity on CuZnO/Al2O3 became 52.3% MeOH and 
44.9% DME at steady state (see Table 5.2).  Because of being a secondary reaction, the 
selectivity for DME is a strong function of the amount of catalyst present and residence 
time of MeOH in the catalyst bed. 
 
Table 5.5 A comparison of the steady-state catalytic properties and surface reaction 
parameters for CuZnO and for CuZnO/Al2O3 based on the amount of CuZnO. 
 













CuZnO 0.113 0.113 - 0.14 - 
CuZnO/Al2O3 0.630 0.330 0.279 0.75 0.63 
 
 
In a previous study, this relationship was confirmed by plotting the rate of formation 
for DME vs. total PMeOH on Pd supported catalysts [40].  Total PMeOH is defined as the 
total partial pressure of MeOH produced in the reactor and is equal to PMeOH exiting the 
reactor plus an equivalent partial pressure of MeOH which was converted to DME (total 
PMeOH = PMeOH + 2*PDME).  Figure 5.11 gives a plot of the rate of DME formation for 
catalysts which produced DME as a function of total PMeOH.  It can be easily seen from 
Fig. 11 that there exists a linear dependency between the two variables.  This is not 
surprising since the rate of DME formation should be primarily a function of MeOH 
concentration (i.e., total PMeOH in the reactor) and the amounts of Al2O3 used for all the 
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catalysts were identical, barring some major poisoning or blockage of the Al2O3 acid sites 
by the Cu or ZnO - which does not seem to have occurred.  It was noteworthy that the 
typical amounts of surface acid sites on γ-Al2O3 [57], which is a function of calcination 
temperature, are three orders of magnitude higher than the measured numbers of acidic 
sites occupied by DME in this study due to the small partial pressure of MeOH formed at 
the differential conversion conditions used.  Therefore, any blockage or poisoning effects 




















































Figure 5.11 Rate of DME formation vs. equivalent PMeOH at exit (equivalent PMeOH = 
PMeOH + 2*PDME). 
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It should be noted from Table 5.4 that τ0MeOH was the same for both CuZnO and 
CuZnO/Al2O3 at steady-state, indicating that the intrinsic activity of MeOH formation 
was not affected by the Al2O3 support.  The calculated values of TOF
0
ITK based on τ
0
MeOH 
and τ0DME are shown in Table 5.4.  TOF
0
ITKs for MeOH on both CuZnO and 
CuZnO/Al2O3 increased during the induction period (data not shown) and reached the 
same value ultimately.  Surface concentrations of intermediates were also estimated on a 
per gram CuZnO basis (see Table 5).  N0MeOH was 5.4 times higher for CuZnO/Al2O3 
than that for CuZnO.  Combined with the same τ0MeOH values obtained for both catalysts, 
the results indicate that the observed difference in reaction rates for MeOH formation on 
Al2O3 -supported vs. unsupported CuZnO was mostly due to the difference in the surface 
concentration of intermediates (i.e., sites), supporting the claim of higher dispersion of 
CuZnO on Al2O3 [36, 42].  This observation also implies that there may be only one type 
of site for the formation of MeOH on both CuZnO and CuZnO/Al2O3.  
A smaller TOF0ITK for DME compared to MeOH was as expected due to DME being 
produced from the readsorption and secondary reaction of MeOH.  Even though the 
formation of DME from MeOH is much faster than MeOH synthesis if the partial 
pressures of their reactants are similar [48], in this case the partial pressure of MeOH 
(reactant for DME formation) was low relative to the partial pressure of CO and H2 
(reactants for MeOH synthesis).  The DME formation rate can be concluded to be limited 
by the MeOH formation rate in this case. 
 
5.4.3 Impact of the components 
The roles of the components, Cu or ZnO, in CuZnO-based catalysts have been 
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widely studied.  Usually CuZnO-based catalysts have been studied either in comparison 
with Cu/CuO or with ZnO single component catalysts [27, 29, 58-59].  There exists, to 
the best to our knowledge, no explicit report so far which includes and compares 
experiments for a systematic series of Cu, ZnO and CuZnO catalysts.  In this study, 
however, the components of Cu and ZnO were examined and compared together with 
CuZnO-based catalysts by CO hydrogenation and SSITKA results for a deeper 
understanding of the effects of individual components at the site level.  It is noteworthy 
that Al2O3-supported Cu, ZnO and CuZnO (Cu/Al2O3, ZnO/Al2O3, CuZnO/Al2O3) were 
used in this study rather than unsupported components because Al2O3-supported catalysts 
lead to better dispersions comparing to unsupported ones and, therefore, higher activities 
for CO hydrogenation.  Use of unsupported Cu and ZnO having poor activities for CO 
hydrogenation could be due to low dispersions and would result in inaccurate 
interpretation of the data. 
As can be seen in Table 5.2, the reaction activities varied significantly for the various 
catalysts.  The reaction results for 13.3 wt% Cu/Al2O3 and 6.7 wt% ZnO/Al2O3 are 
shown for the purpose of comparing with CuZnO/Al2O3, which contained 13.3 wt% Cu 
and 6.7 wt% ZnO.  However, higher loadings (20 wt%) of the Al2O3-supported Cu and 
ZnO catalysts were used for the main comparisons in this study in order to increase the 
overall activity, which resulted in less error in estimating surface parameters.  Comparing 
high (20 wt%) vs. low (6.7 or 13.3 wt%) loadings of ZnO and Cu catalysts, respectively, 
even though the reaction rates were higher for the higher loadings, as expected.  The 
product selectivities, however, were essentially the same for (20Cu/Al2O3 and 
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13.3Cu/Al2O3) and (20ZnO/Al2O3 and 6.7ZnO/Al2O3).  These results suggest that 
different loadings did not change the intrinsic properties of either Cu/Al2O3 or ZnO/Al2O3.   
It should be noted that 20Cu/Al2O3 and 20ZnO/Al2O3 can be used for comparison 
with CuZnO/Al2O3 only for intrinsic properties, such as surface residence time (τ
0
i) or 
turnover frequency (TOF0ITK), because these properties are only related to the sites and 
are not affected by the number of sites or the amount of catalytic material.  The most 
ideal comparisons of extrinsic properties (i.e., rates of reaction or surface concentrations 
of intermediates) on CuZnO/Al2O3, Cu/Al2O3 and ZnO/Al2O3 would be made using the 
same metal and metal oxide surface areas and particle sizes.  However, due to the 
difficulty of obtaining and fixing those kinds of properties for these particular supported 
catalysts, alternative methods had to be applied by: (1) using Cu/Al2O3 and ZnO/Al2O3 
with corresponding metal loadings with CuZnO/Al2O3 (13.3Cu/Al2O3 and 6.7ZnO/Al2O3), 
or (2) normalizing the original parameters to the same metal (Cu) or metal oxide (ZnO) 
weight basis.  Such alternative methods provide a reasonable comparison of these 
parameters. 
The reaction rates for these catalysts were in the order of CuZnO/Al2O3 > 
13.3Cu/Al2O3 > 6.7ZnO/Al2O3, with the range being from 0.113-0.025 μmol C/g-cat/s 
(within a factor of 5).  This is somewhat surprising since the combination of Cu and ZnO 
has been proposed to exhibit significantly higher activity than the Cu or ZnO species by 
themselves when using similar surface metal areas [10].  A possible explanation is that 
the usage of a support may result in a better dispersion for Cu (especially) and ZnO 
which may effectively prevent the Cu or ZnO particles from aggregation or sintering.  
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The products of 13.3Cu/Al2O3 for MeOH synthesis conditions were mainly CH4 with 
roughly 30% of products being MeOH and DME at steady-state.  The activity and 
selectivity results are in line with what d’Alnoncourt et al. [60] found for MeOH 
synthesis: the presence of ZnO in Cu catalysts resulted in an increase in MeOH formation 
activity, along with a decrease in the heat of adsorption of CO.   
The synergy of Cu and ZnO for MeOH formation can be observed at a site level by 
comparing TOF0ITK for MeOH (Table 5.4).  For comparison of this site intrinsic property, 
the results for 20Cu/Al2O3 and 20ZnO/Al2O3 will be used due to their higher activities.  
TOF0ITK for MeOH followed an order of CuZnO/Al2O3 >> 20Cu/Al2O3 > 20ZnO/Al2O3, 
but the differences were within a factor of 4.  It can be seen from Table 5.4 that 
CuZnO/Al2O3 also exhibited a higher N
0
MeOH than 20ZnO/Al2O3 or 20Cu/Al2O3 using a 
Cu or ZnO weight basis.  20ZnO/Al2O3 exhibited a lower MeOH formation rate than 
CuZnO/Al2O3 both because of its lower intrinsic reaction activity (TOF
0
ITK) and its fewer 
number of sites.  The low reaction rate on 20Cu/Al2O3 was also caused by both a low 
intrinsic activity and a low value of N0MeOH, related to number of available active sites.  
The observed low activity for 20Cu/Al2O3 is in agreement with reports in the literature 
concerning the low activity of Cu-based catalysts for CO hydrogenation [9, 27, 31, 61].   
It should be noted that the differences (τ0MeOH-τ
0
DME) were within experimental error 
for catalysts producing DME, which suggested that the surface site residence times for 
DME production were very similar (see also TOF0ITK for DME in Table 5.4).  This 
should be expected since DME formed only on the Al2O3 and the residence time for 
making DME (τ0DME-τ
0
MeOH) should not be affected by the catalytic species (Cu and ZnO) 
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for MeOH synthesis.  As mentioned in the previous section, the DME formation rates 
were limited by the formation of MeOH as evidenced by the linear relationships for the 
reaction rates of DME formation and for N0DME with total PMeOH (see Figures 11 and 12).  
Therefore, further interpretation of the surface reaction parameters for DME synthesis has 
no value for these conditions. 
 
 









































Figure 5.12 N0DME vs. equivalent PMeOH at exit (equivalent PMeOH = PMeOH + 2*PDME). 
 
5.5 Conclusions 
Even though the effects of different supports and components on CuZnO-based 
catalysts for MeOH synthesis have received a great deal of attention in the past, this study 
has explored for the first time at the reaction site level the impact of the components and 
a Al2O3-support on CuZnO-based catalysts.  Using SSITKA, surface kinetic parameters 
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were able to be determined, providing a better understanding of support and component 
effects.  Based on BET and XRD analysis for CuZnO, 20Cu/Al2O3 and 20ZnO/Al2O3 and 
CuZnO/Al2O3, it was found that the different combinations of Cu and ZnO components 
or the addition of the Al2O3 support resulted in markedly different surface areas and 
structures. 
CO hydrogenation results indicated that the overall reaction activity of CuZnO-based 
catalysts were higher than catalysts with only Cu or ZnO components but not orders of 
magnitude higher, indicating some synergy between Cu and ZnO species.  DME is a 
secondary reaction product from the dehydration of MeOH and was produced only on the 
acidic sites of Al2O3 when it was present as a support.  Based on the dependency of the 
rate of DME formation and the corresponding partial pressure of MeOH, the rates of 
DME formation was found to be limited primarily by the amount of MeOH formed on 
the Cu and ZnO components. 
The original SSITKA surface reaction parameters, τi and Ni, obtained from SSITKA 




MeOH (corrected average surface 
reaction residence time for MeOH formation) was essentially the same for both CuZnO 
and CuZnO/Al2O3, indicating that the Al2O3 support does not change the nature of active 
sites for the production of MeOH on CuZnO.  Higher intrinsic “site” activities (TOF0ITK 
= 1/ τ0MeOH) for MeOH on CuZnO-based catalysts than those on Cu/Al2O3 or ZnO/Al2O3 
also clearly indicated the synergy of Cu and ZnO.  The higher activity observed for 
CuZnO/Al2O3 was due to both a higher intrinsic “site” activity (because of CuZnO) and a 
larger concentration of active surface intermediates (and sites).  A linear dependency of 
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the surface concentration of DME intermediates (N0DME) with the amount of MeOH 
produced was a further indication of DME formation being limited by MeOH synthesis.  
Our results can be summarized as follows: 
(1) The reaction rates for MeOH formation on CuZnO and CuZnO/Al2O3 were 
nearly identical on a per gram catalyst basis; however, on a per gram CuZnO 
basis, CuZnO/Al2O3 had a much higher rate.  This difference was due to the 
higher concentration of active surface intermediates/sites, almost certainly 
reflecting an increased dispersion of the supported CuZnO.  The identical “site” 
activities seen for these 2 catalysts suggest that the sites, however, were identical 
for making MeOH.  Thus, the only roles that the Al2O3 appeared to play was in 
increasing CuZnO dispersion and providing acid sites for the conversion of 
MeOH to DME. 
(2) Using a support, higher dispersions of Cu and ZnO were possible (for Cu/Al2O3 
and ZnO/Al2O3 catalysts) resulting in better comparisons to the CuZnO catalysts.  
Cu/Al2O3 and ZnO/Al2O3 exhibited lower MeOH formation rates compared to 
CuZnO/Al2O3 because of their lower intrinsic activities and lower surface 
concentrations of intermediates.  Based on overall rates as well as the surface 
reaction parameters measured, it would appear, however, that, while there is 
some synergy between Cu and ZnO in producing MeOH on CuZnO catalysts, 
this synergy does not result in an order-of-magnitude increase in the site activity 
or active site concentration. 
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(3) Cu/Al2O3 was capable of producing significant hydrocarbon selectivity, but 
CuZnO/Al2O3 and ZnO/Al2O3 were not.  This seems to imply that the presence of 
ZnO inhibits the hydrocarbon formation ability of Cu. 
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CHAPTER SIX  
THE SYNTHESIS OF HYDROCARBONS AND OXYGENATES DURING CO 
HYDROGENATION ON COCUZNO CATALYSTS: ANALYSIS AT THE SITE 
LEVEL USING MULTIPRODUCT SSITKA 
 
This paper addresses the effect of component interaction in CoCuZnO catalysts on 
oxygenate synthesis during CO hydrogenation.  Formation of the various products was 
investigated for the first time using in-situ multiproduct SSITKA.  CO hydrogenation was 
carried out in a fixed-bed differential reactor at 250oC and 1.8 atm.  SSITKA results 
showed that Cu can decrease the activity for all products probably due to Cu blockage of 
the Co surface.  ZnO appears to serve as a support for Co and may increase somewhat the 
intrinsic activities for higher oxygenates.  However, the effects for Cu and ZnO with Co 
were not additive.  The Co-Cu-ZnO combination resulted in a synergy that greatly 
increased selectivities for higher oxygenates by significantly decreasing the ability for 
hydrocarbon formation.  Interestingly, the rate of synthesis for C2 oxygenates on 
Co/CuZnO was identical to that on Co/Al2O3 - but without the high production rate of 




Higher oxygenates, especially alcohols, synthesized from syngas have been widely 
touted as an attractive alternative source of liquid transportation fuels.  Also, because of 
environmental reasons, use of low molecular weight alcohols as octane enhancers for 
automotive fuels is now widespread [1-2].  The use of ethanol (EtOH) as an alternative 
fuel in automobiles has been proposed since it exhibits the same quantity of chemical 
energy as that of regular gasoline but with less emission of greenhouse gases as well as 
other pollutants [3].  In addition to the environment benefits as an alternative fuel to 
gasoline, EtOH has also the potential to be considered as a transportation fuel and the 
source of hydrogen for fuel cell applications [4-5].  The research and development of 
EtOH synthesis from syngas, therefore, has received much attention [6]. 
There are five typical classes of catalysts offering ways to prepare alcohols from 
syngas: (1) Rh-based catalysts [7-9]; (2) Mo-based catalysts [10-13]; (3) modified Fisher-
Tropsch synthesis catalysts [14-15]; (4) modified methanol (MeOH) synthesis catalysts 
(by doping with alkali metal) [16-20] and (5) Co-Cu catalysts, which is a combination of 
(3) and (4) [21-28].  Rh-based catalysts have been found to be the most efficient catalysts 
for the synthesis of C2+ oxygenates at mild conditions of low temperature and pressure 
[7-8].  However, the industrial application of Rh-based catalysts is limited due to Rh’s 
low activity and the high cost.  CuZnO-based catalysts and supported Co catalysts 
(especially Co/Al2O3) are typical choices for MeOH synthesis and Fischer–Tropsch 
synthesis (FTS), respectively.  Co-Cu catalysts were heavily researched by Institute 
Français du Petrole (IFP) in the 1980s and were considered to be potentially high 
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performance catalysts due to their high selectivity, ca. 70-80%, for higher oxygenate 
synthesis [27-29].  The elemental composition of choice for IFP Co-Cu catalysts included 
Cu, Co, Zn, Al, and alkali promoters.  Proposed reaction conditions varied but the total 
pressure and reaction temperature were usually between 20-250 bar and 150-400oC, 
respectively (preferably between 50-150 bars and 220-350oC) [27].  For fixed operating 
conditions, the higher alcohol (C2+OH) yield increased with the Co/Cu ratio [21].  A 
mechanism for the synthesis of alcohols on the series of CoCu-based catalysts was 
proposed by Kiennemann et al. [30], involving the interaction of formyl and formate 
intermediates for the synthesis of MeOH and carbene intermediates for chain growth and 
formation of higher alcohols.  
Unfortunately, the preparation of IFP catalysts does not appear to be easily scaled up 
for industrial application because of a high tendency to uncontrolled decomposition of the 
glassy intermediate [21] and/or the difficulty of reproducible preparations because of the 
complexity of the preparation process.  Research on Co-Cu catalysts has not been 
pursued significantly and knowledge about the mechanism and the effect of the different 
elemental components in the catalyst on catalytic performance is still limited, even 
though no suitable commercial higher oxygenate catalyst has yet been found. 
This study is a follow-up investigation to that reported in ref. [31] by our group.  
The objective for ref. [31] was to probe the interactions of different components in model 
Co/CuZnO catalysts deduced from the IFP patents.  CuZnO is a commercial MeOH 
synthesis catalyst, while Co is a well known and active FTS catalyst.  Cu and ZnO 
catalyst as components in a higher oxygenate synthesis catalyst have received a great deal 
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of attention [1, 32-37].  The reaction results given in ref. [31] confirm that only the 
combination of all three components (Co, Cu and ZnO) leads to a relatively high 
selectivity for C2+ oxygenates.  Steady-state isotopic transient kinetic analysis (SSITKA) 
was also carried out at methanation conditions to investigate the effects of the various 
catalyst components on CO hydrogenation activity.  SSITKA is a powerful technique that 
provides in-situ surface kinetic information for a reaction on a heterogeneous catalyst 
under actual reaction conditions.  SSITKA permits the estimation of the surface reaction 
residence times, concentrations of active intermediates, and intrinsic site activities and 
can help in the delineation of the surface reaction mechanism.  This technique was first 
developed by Happel, Bennett, Biloen and Bell [38-41] in late 1970s and 1980s.  In the 
previous study [31], the presence of ZnO and/or Cu in Co/CuZnO were found to 
cover/block significant numbers of active sites on Co for CO hydrogenation resulting in 
the significantly lower activity of the Co/CuZnO combination. 
The main focus of this study was to better understand the relationships between 
different products at the site level.  In this study, multiproduct SSITKA was utilized to 
further investigate the catalysts studied in ref. [31] by measuring the surface reaction 
parameters leading to various hydrocarbon and oxygenate products. 
 
6.2 Experimental 
6.2.1 Catalyst preparation 
The catalysts used in this study were the same as used in ref. [31].  Their preparation 
is summarized here.  Cobalt nitrate hexahydrate (Aldrich, synthetic), Copper nitrate 
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trihydrate (Alfa Aesar, 99.5%), and Zinc nitrate hexahydrate (Alfa Aesar, 99.998%) were 
used without further purification.  CuZnO, CoCu and CoZnO were prepared by a 
precipitation method.  The metal loading ratios were determined based on the optimum 
ratios for alcohol synthesis proposed by Arena et al. [42] and Slaa et al. [36].  Taking 
CuZnO as an example, the desired amounts of copper and zinc nitrate solution were 
mixed to produce 6 g of CuZnO catalyst.  The mixture was precipitated using Na2CO3 
solution (Na2CO3: H2O = 1: 3 in volume) at room temperature.  The resulting mixture 
was left in a fume hood overnight.  The mixture was then filtered, washed for 6 times 
with 1 L of hot (ca. 100oC) deionized water, dried at 120oC for 12 h and then calcined in 
air at 350oC for 4 h.  CoCu and CoZnO were prepared by a similar procedure.  
Co/CuZnO was prepared by impregnation to incipient wetness of the prepared CuZnO 
using an aqueous solution of cobalt nitrate hexahydrate (1.5 mL cobalt nitrate solution/ 1 
g CuZnO).  The incipient wetness impregnation method was used for the combination of 
Co with CuZnO rather than precipitation based on a preliminary comparison of catalysts 
prepared by the two different methods.  The results showed that Co/CuZnO prepared by 
impregnation exhibited higher alcohol selectivities comparing to the catalyst with the 
same composition but prepared by the co-precipitation method.  After mixing, the 
solution was dried at 120oC for 12 h before being calcined in air at 350oC for 4 h (ramp 
rate to 350oC of 10oC/min).  Co/γ-Al2O3 (Alfa-Aesar, γ-phase, 99.98%) with 10 wt% Co 
was also prepared by the incipient wetness impregnation method for comparison 
purposes, the preparation procedure is described in detail elsewhere [43]. 
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6.2.2 Catalyst characterization 
Although XRD was carried out in our previous study for the investigation of structure 
and crystallite size for the calcined catalysts, the actual oxidation state and crystallinity 
for Cu-containing Co catalysts after reduction were not clear.  XRD was performed in 
this study to identify the phases and crystallinity of Cu-containing Co catalysts (CoCu 
and Co/CuZnO) after reduction.  The reduced form of Co is well known to give the active 
sites for Fischer-Tropsch synthesis [44]; thus, it is necessary to activate Co catalysts by 
reduction prior to reaction.  However, the oxidation potential of highly dispersed reduced 
cobalt metal exposed to air and the high exothermicity of this oxidation would cause the 
degradation of a reduced Co catalysts exposed to air by sintering and would be a potential 
fire hazard [45].  Therefore, passivation of the surface is necessary to prevent rapid 
oxidation upon exposure to air.  Therefore, reduction followed by passivation was carried 
out prior to XRD measurements.  The catalysts were reduced in-situ in a differential fixed 
bed reactor at 300oC in H2 (30 mL/min) for 1 h using a ramp rate of 5
oC/min.  Following 
the reduction, the catalysts were flushed by inert gas (He, 30mL/min) as the temperature 
decreased to room temperature, and then passivated with 2% O2/Ar (4 mL/min) for 1 h at 
room temperature.  X-ray diffraction patterns for the catalysts after pretreatment were 
collected in a Scintag XDS 2000 θ/θ powder X-ray diffractometer (XRD) using Cu 
Kα1/Kα2 (λ=1.540592 Å and 1.544390Å, respectively) radiation and a step size of 0.03o 
in the 2θ range of 5-70o. 
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6.2.3 CO hydrogenation 
The reaction system setup is shown in Figure 6.1.  CO hydrogenation was carried out 
in a differential fixed-bed reactor with a maximum conversion below 10% in order to 
minimize concentration and temperature gradients.  A catalyst sample (0.05 g for CoZnO 
and Co/Al2O3; 0.3 g for other catalysts) with 3 g of an inert powder (α-alumina) were 
mixed and used to avoid channeling effects and hot spots.  The samples were then loaded 
between quartz wool plugs in the middle of the reactor and the temperature was observed 
by a thermocouple positioned close to the catalyst bed.  The reaction lines and the 
sampling valves were kept at ca. 200oC by wrapping with heating tape to avoid 
condensation of oxygenate and higher hydrocarbon products.  A Varian 3380 GC 
equipped with a flame ionization detector (FID) and a thermal conductivity detector 
(TCD) was used to analyze the effluent samples on-line.  A Restek RT-QPLOT column 
(I.D. 0.53 mm and length 30 m) connecting to an FID was capable of separating and 
detecting C1-C7 hydrocarbons and oxygenates, while a Restek HayeSep
® Q column (I.D. 
3.18 mm and length 1.83 m) connecting to a TCD was used for the separation and 
detection of CO and other inorganic gases. 
Prior to the reaction, the catalyst was reduced in-situ at 300oC with a ramp rate of 
5oC/min under 30 mL/min of H2 for 1h at 1atm, and then cooled down to the reaction 
temperature of 250oC.  After reduction, the reaction started as the gas flow was switched 
to a CO-H2-He mixture (95%CO + 5%Ar: 9 mL/min; H2: 18 mL/min; He: 3 mL/min) at a 
constant pressure of 1.8 atm.  A H2/CO ratio of 2:1 was applied for a preferable condition 
of EtOH production [7, 46].  Although the selectivities of oxygenates may be greater at 
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more suitable conditions (e.g., lower reaction temperature and higher pressure), current 
reaction conditions were chosen in order to maximize the formation of C1-C2 products, 
especially C2+ oxygenates, for the purpose of easily detection by MS [7].  The conditions 
of reaction used for the catalysts in this study were also found (data not shown) to result 
in no mass or heat transfer effects on the reaction kinetics measured.  The reaction 
reached a pseudo-steady state after 15 h TOS (time-on-stream).  The identification and 
calibration of the products were achieved using standard gases [alkanes (C1-C7), alkenes 
(C2-C7) and oxygenates (MeOH, EtOH, 1-propanol, 1-butanol, acetaldehyde and acetone), 
Scott Specialty Gases].  The selectivity (C atom%) for a specific product was calculated 
based on carbon efficiency using the formula niCi/ΣniCi, where ni and Ci represent the 
carbon number and molar concentration of the ith product, respectively. 
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Figure 6.1 The reaction system for multiproduct SSITKA.  
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6.2.4 SSITKA 
Surface reaction measurements were carried out after reaction steady-state was 
reached.  During SSITKA measurements (Figure 6.1), a switch between 95% 12CO + 5% 
Ar (National Specialty Gases) and 13CO (Isotec, 99%) was made using a Valco 2-position 
valve with an electric actuator without disturbing any other reaction conditions.  That is, 
the reaction total flow rate and the total pressure for the two gas feed streams were 
maintained at constant values during the switch.  Two back pressure regulators in the 
reaction system were used to minimize any pressure disturbance during the switch.  The 
gas-phase holdup time was determined by using 5% Ar in the unlabelled 12CO stream as 
an inert tracer. 
Direct isotopic analysis by mass spectroscopy (MS, Pfeiffer Vacuum) was difficult 
due to fragmentation and overlapping of the heavier hydrocarbons/oxygenates.  To avoid 
this, products heavier than CH4 were converted to CH4 prior to MS analysis.  Thus, a 
Valco 34-port auto-sampling valve was employed to collect 16 effluent samples during 
the 5-min-period of the isotopic transients after a switch.  The collected effluent samples 
were injected into and separated by a GC equipped with an RT-QPLOT column.  Thirty 
cc/min of H2 was used as the carrier gas and as a source of H2 for the subsequent 
hydrogenolysis.  After separation, the products were fed into a 
hydrogenolysis/hydrogenation reactor containing 5 g of Pt/Al2O3 held at 400
oC to convert 
hydrocarbons and oxygenates to CH4.  The resulting CH4 was subsequently injected into 
the MS equipped with a high-speed data acquisition system for analysis.  The isotopic 
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concentration detected by MS could be applied for further interpretation to the specific 
products collected in the sample loops of the 34-port valve.  
Figure 6.2 shows a typical set of normalized isotopic transients of CH4, C2Hn, MeOH, 
AcH and EtOH obtained by switching from 12CO to 13CO for Co/CuZnO at steady-state.  
Surface reaction parameters for the intermediates of CH4, C2Hn, MeOH, AcH and EtOH 
were determined from the isotopic transient curves for the specific species by SSITKA 
data analysis software.  The areas between the normalized transients of the corresponding 
species and the inert tracer Ar are equal to the average surface residence times (τi) of the 
reactive species.  The concentration of active surface intermediates for a specific product 
can be determined by Ni = Ratei*τi [47-48].  A major improvement of this methodology 
(multiproduct SSITKA) is that surface reaction parameters can be determined for the 
various products, without the common MS analysis problem caused by fragmentation or 







































Figure 6.2 Typical normalized SSITKA transient responses for 12C in CH4, C2Hn, MeOH, 
AcH, EtOH and for Ar, following a 12CO//13CO switch during steady-state for CO 
hydrogenation on Co/CuZnO. 
6.3 Results 
6.3.1 Catalyst preparation 
The basic characterizations such as BET surface area, pore volume, average pore size 
and elemental analysis were carried out and performed earlier [31] but the results are 
given here in Table 6.1 for completeness.  Table 6.1 also shows the preparation method 
and composition for the various catalysts.  CoZnO showed a significantly higher BET 
surface area than the copper containing catalysts since Cu/CuO provides very limited 
surface area [49].  Co/Al2O3 exhibited a similar BET surface area and pore volume to that 
of CoZnO.  The average pore sizes, however, were pretty similar for all catalysts. 
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Table 6.1 Composition, preparation method, BET surface area, pore volume and average 

















Co/Al2O3 10 - impregnation 102.0 0.60 25.8 
CuZnO - Cu:Zn = 2.5:1 co-precipitation 29.8 0.13 30.5 
CoZnO 30.4 Co:Zn = 1.1:1 co-precipitation 96.4 0.57 29.7 
CoCu 18.8 Co:Cu = 1.0:2.5 co-precipitation 43.9 0.26 25.6 




21.1 0.12 22.1 
a Based on elemental analysis. 
b All catalysts were calcined at 350°C in static air after preparation. 
c CuZnO was first prepared by co-precipitation followed by calcination at 350°C.  Then, 
Co was added to CuZnO by the impregnation method, followed by calcination at 350°C.  
d Max error = ± 5% 
e Max error = ± 10% 
 
 
Figure 6.3 shows XRD patterns for the reduced and passivated catalysts contained Co 
and Cu (CoCu and Co/CuZnO).  XRD characterization for the as-prepared calcined 
catalysts is given in our previous study [31].  However, the structure and crystallite sizes 
for Co and Cu after reduction may be more meaningful for understanding these catalysts.  
As can be seen, the peaks corresponding to metallic Cu (ICDD 040836) were prominent 
for both catalysts.  The metallic Cu peaks presented for both catalysts could be attributed 
to face-centered cubic Cu [50-51].  Cu oxide structures, in both Cu2O (ICDD 030892) 
and CuO (ICDD 741021) forms, could be identified for Co/CuZnO, but the peak intensity 
was much stronger for CuO than that for Cu2O.  No discernable Co-related peaks could 
be observed for CoCu, which may indicate that Co is X-ray amorphous (i.e., highly 
dispersed) for this catalyst.  It is known that Co and Cu metals do not alloy [50-52].  
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Co/CuZnO, however, exhibited distinguishable diffraction peaks for Co3O4 (ICDD 
421467).  It should be noted that the species of Cu2O, CoO and Co3O4 all display a 
diffraction peak at about 36.5o, resulting in difficulty in identifying the XRD patterns for 
these individual compounds at this location [53].  The possibility of the presence of a Cu-
Co oxide spinel structure could not be ruled out due to a distinct shoulder peak at about 
44o [54].  However, it is difficult to identify Cu-Co oxide spinel by other diffraction 
peaks due to the overlap of these diffraction peaks with Cu2O, CoO and Co3O4 at about 
32o and 37o.  A weak peak which can be attributed to ZnO (ICDD 890511) could be 
observed for Co/CuZnO.  A significant difference for the XRD results of as-prepared and 
reduced passivated Co-Cu containing catalysts is the presence of metallic Cu, which is 
consistent with what has been reported by Llorca et al. [52], i.e., that metallic copper 
aggregates exist with highly dispersed cobalt as inferred from their XRD, TEM and XPS 
results.  The results are also in line with our previous TPR results that reduction of Cu 
oxide occurs at a relatively low temperature (< 250oC) [31].  The average crystallite size 
can be estimated by applying the Scherrer equation.  Reduced Co/CuZnO had an average 
crystallite size of 13.2 nm for Co3O4.  This value is pretty much the same as the value 
(14.6nm) obtained for the calcined Co/CuZnO [31]. 
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Figure 6.3 Power XRD patterns for the reduced and passivated CoCu and Co/CuZnO 
catalysts. 
 
6.3.2 CO hydrogenation 
Table 6.2 summarizes the results for CO hydrogenation at 250oC and 1.8 atm.  The 
steady-state rates were measured after 15 h TOS.  Activities are compared on both a per 
catalyst weight basis and per cobalt weight basis.  It can be seen that CoZnO exhibited 
the highest reaction rate among all the catalysts on a “per catalyst weight” basis.  
However, Co/Al2O3 showed a higher activity than CoZnO on a “per Co weight” basis.  
All Cu-containing catalysts exhibited significantly lower reaction rates (1-2 orders of 
magnitude) than Co/Al2O3 and CoZnO.  The catalytic activity for all catalysts in this 
study followed the same trend (CoZnO > Co/Al2O3 > CoCu > CuZnO ~ Co/CuZnO) as 
found in our previous study [31]. 
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With respect to the product selectivity, it can be seen from Table 6.2 that Co/Al2O3, 
CoZnO and CoCu exhibited similar results.  Most products for the three catalysts were 
hydrocarbons but with somewhat different distributions.  The total oxygenate selectivities 
for the three catalysts were all lower than 5%.  CuZnO produced mainly MeOH (99.3%) 
as expected.  The low activity and high MeOH selectivity is typical for CuZnO.  
Co/CuZnO catalyst exhibited a product distribution completely different from the other 
catalysts.  The selectivity for oxygenates was nearly 60%, including 30.1% C2 
oxygenates (EtOH and ACH).  The results are similar to what has been found previously 
for alkali promoted or unpromoted Co/CuZnO catalysts with selectivities of 30-70 % for 
alcohols and 30-50% for EtOH [2, 55-56].  Thus, only the combination of Co, Cu and 
ZnO resulted in a high selectivity for C2+ oxygenates. 
 










Selectivityc (C-atom %) 
CH4 C2+HC
d MeOH AcHe EtOH Other C2+ 
oxy.f 
Co/Al2O3 6.90 69.0 47.1 51.3 1.0 - 0.4 0.2 
CuZnO 0.08 - 0.7 - 99.3 - - - 
CoZnO 8.97 29.5 37.4 59.6 0.7 0.6 1.0 0.7 
CoCu 0.20 1.06 25.4 70 1.2 0.7 2.0 0.7 
Co/CuZnO 0.10 0.61 16.4 23 18.2 4.2 25.9 12.3 
a Catalyst: 0.3 g; Inert : 3 g α-alumina; Reduction at 300°C; Reaction conditions: T = 
250°C, P = 1.8 atm; Flow rate = 30mL/min (H2:CO:He =18:9:3); Data were taken at TOS 
= 15 h. 
b Max. error = ± 5% of all the values measured. 
c Molar selectivity = carbon efficiency = niCi / ∑niCi. 
d Hydrocarbons with 2 or more carbons. 
e AcH refers to acetaldehyde. 




Multiproduct SSITKA measurements permitted the determination of how different 
combinations of Co, Cu and ZnO species affect the surface reaction parameters, including 
the surface reaction residence times (τi) and surface concentrations of intermediates (Ni) 
for the different products.  The methods used to estimate the surface reaction parameters 
have been reported in detail elsewhere [7, 48, 57].  Table 6.3 shows the surface reaction 
residence times (τi) for different products on the various catalysts studied.  Space time 
had little or no effect on the τi’s for the hydrocarbons.  However, the average surface 
reaction residence times of MeOH, AcH (acetaldehyde) and EtOH changed with different 
space times (not shown).  This is due to the significant readsorption of these products in 
the catalyst bed and the resulting chromatographic effect, as reported in previous papers 
from our group [7, 58-59].  Figure 6.4 shows how the average residence times of MeOH, 
AcH and EtOH for Co/CuZnO linearly increased with increasing space time.  Similar 
phenomena were observed for all catalysts in this study which produced these oxygenates.  
Readsorption effects, therefore, have to be taken into consideration before any further 
interpretation of SSITKA data.  More accurate estimation of τi (τ
0
i) can be obtained by 
correcting for readsorption by extrapolating the value of τi to 0 space time.  The corrected 




i) and TOFITK (TOF
0
ITK) are shown in Table 6.3 (see footnotes to 
Table 6.3 for how N0i and TOF
0
ITK,I were calculated).  The corrected values for reversibly 
adsorbing CO and hydrocarbons were identical with the values measured due to minimal 
readsorption.  Later discussion will focus only on the corrected surface reaction 
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parameters rather than the uncorrected ones because the former reflect the synthesis and 
are not complicated by readsorption effects. 


















Figure 6.4 τMeOH, τAcH and τEtOH vs. space time during steady-state for CO hydrogenation 
on Co/CuZnO. 
  
TOF0ITK, which is the reciprocal of τ
0
i, is a reasonable estimate of site turnover 
frequency.  It is equal to Ri/N
0
i with units of s
-1 [48]. It can be seen from Table 6.3 that 









EtOH.  However, the differences 
between the TOF0i’s were significant, both among products and among catalysts.  CH4 
and C2Hn had relatively larger TOF
0
ITK, which is not surprising for catalysts producing 
mostly hydrocarbons, such as Co/Al2O3, CoZnO and CoCu.  However, CuZnO and 
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Co/CuZnO, which produced primarily oxygenates, showed similar values for TOF0CH4 
and TOF0C2Hn as found for the catalysts producing mainly hydrocarbons.  The TOF
0
i’s for 
CH4 and C2Hn measured for the catalysts in this study were relatively greater than those 
reported for Rh-based catalysts [7], which may indicate a better capability for 
hydrocarbon production on these catalysts.  As to the intrinsic activities for oxygenates, 
the TOF0i for MeOH was slightly larger for CuZnO (0.24 s
-1) than for the other catalysts.  
The TOF0AcH’s were very similar for CoZnO and Co/CuZnO, while CoCu exhibited a 
smaller one.  TOF0EtOH’s were much lower than those of other products, which was ca. 
0.05 s-1 for all catalysts except CoZnO (0.12 s-1). 
The corrected surface concentrations of intermediates (N0i) are also shown in 
Table 6.3.  This is the number of active intermediates on the surface and can be regarded 
as an approximation of the number of active sites producing a particular product i.  
Although τ0i’s for a specific product were similar to a large degree, N
0
i’s changed 
dramatically from catalyst to catalyst.  With respect to the formation of C1-products (CH4 
and MeOH), N0CH4 for Co/Al2O3 and CoZnO were about two orders of magnitude greater 
than those for other catalysts, not surprising since they were also the most active in 
making hydrocarbons.  N0MeOH for the different catalysts followed the trend of Co/Al2O3 
~ CoZnO ~ CuZnO > Co/CuZnO > CoCu.  It should be noted that although Co/Al2O3 and 
CoZnO had very small selectivities for MeOH, the surface concentrations of MeOH 
intermediates were comparable to that for CuZnO, which primarily produced only MeOH.  





Co/Al2O3 and CoZnO exhibited values two orders of magnitude higher than for other 
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catalysts.  It should be noted that N0CH4’s were less than N
0
C2Hn’s for all catalysts except 
CuZnO.  The difference between N0CH4 and N
0
C2Hn was larger for CoZnO than for 
Co/Al2O3, indicating the higher potential of chain growth for hydrocarbons on CoZnO 
(see selectivities in Table 6.2).  N0AcH and N
0
EtOH followed the same order for catalysts 
which could produce both AcH and EtOH: CoZnO > Co/CuZnO > CoCu.  N0AcH for 
CoZnO was more than one order of magnitude greater than for the other two catalysts.  
Although N0EtOH had the same trend as N
0
AcH for the three catalysts, the differences 
between the values were not identical.  The value of N0EtOH for CoZnO was almost twice 
and one order of magnitude larger than those for Co/CuZnO and CoCu, respectively. 
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Table 6.3 Uncorrected and corrected surface reaction parameters for CO hydrogenation on the various 



















CO 44.6 - 1.5 1.5 - 67.0 
CH4 3.25 47.1 2.1 2.1 0.48 6.82 
C2Hn
h 3.54 51.3 3.3 3.3 0.30 11.7 
MeOH 0.07 1.0 6.2 4.6 0.21 0.32 
AcH - - - - - - 
EtOH 0.03 0.4 19.7 17.4 0.06 0.48 
CuZnO 
CO 7.4 - 2.2 2.2 - 16.4 
CH4 0.0005 0.7 3.6 3.6 0.28 0.001 
C2Hn
h - - - - - - 
MeOH 0.076 99.3 6.4 4.1 0.24 0.31 
AcH - - - - - - 
EtOH - - - - - - 
CoZnO 
CO 44.6 - 1.2 1.2 - 53.6 
CH4 3.35 37.4 1.5 1.5 0.67 5.03 
C2Hn
h 5.35 59.6 3.6 3.6 0.28 19.1 
MeOH 0.06 0.7 6.2 4.9 0.20 0.31 
AcH 0.05 0.6 7.2 6.1 0.16 0.33 
EtOH 0.09 1.0 9.4 8.0 0.12 0.72 
CoCu 
CO 7.4 - 1.6 1.6 - 11.9 
CH4 0.051 25.4 2.0 2.0 0.50 0.10 
C2Hn
h 0.140 70.0 3.4 3.4 0.29 0.48 
MeOH 0.002 1.2 9.6 6.9 0.14 0.02 
AcH 0.001 0.7 12.3 9.9 0.10 0.01 
EtOH 0.004 2.0 23.6 20.2 0.05 0.08 
Co/CuZnO 
CO 7.4 - 2.4 2.4 - 17.9 
CH4 0.016 16.4 3.5 3.5 0.29 0.06 
C2Hn
h 0.023 23.0 5.0 5.0 0.20 0.12 
MeOH 0.018 18.2 8.7 6.0 0.17 0.11 
AcH 0.004 4.2 10.2 7.7 0.13 0.03 
EtOH 0.026 25.9 19.3 16.6 0.06 0.42 
a Co/Al2O3 and Co/ZnO: 0.05g, other catalysts: 0.3 g; Inert : 3 g α-alumina; Reduction at 300°C; Reaction 
conditions: T = 250°C, P = 1.8 atm; Flow rate = 30mL/min (H2:CO:He =18:9:3); Data were taken at TOS = 
15 h.  All reactions were carried out at differential conversions with % CO conversion < 5%. 
b At Steady-state rate. 
c Molar selectivity = carbon efficiency = niCi / ∑niCi. 
d Uncorrected surface residence time of intermediates. 
e Corrected surface residence time of intermediates. 
f TOF0ITK, i = 1/τ
0
i. 
g Ni = Ratei * τi. 
h Hydrocarbons with 2 carbons. 
i Experimental errors of all the results for CH4 and C2Hn are ± 10%; experimental errors of all the results for 
MeOH, AcH and EtOH are ±15%; 
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6.4 Discussion 
There have been very few studies focusing on the mechanism of chain growth and 
formation of higher oxygenates on CoCuZnO-based catalysts, due in part to the 
complexities associated with multi-component catalysts and higher oxygenate synthesis.  
More insight into reaction at the site level, however, was obtained by this study using CO 
hydrogenation on different systematic combinations of the Co, Cu and ZnO components 
(CoCu, CoZnO and Co/CuZnO).     
Before discussion of the various CoCuZnO-based catalysts, the results for CuZnO 
and Co/Al2O3 will be discussed first.  As seen in Table 6.3, a low activity of CuZnO for 
CH4 was observed and was reflected a low surface concentration of active CH4 
intermediates (N0CH4), or CH4 formation sites.  CuZnO had a three orders of magnitude 
higher concentration of MeOH intermediates than CH4 ones - the source of its high 
MeOH selectivity and its CO hydrogenation activity.  This activity was still two orders of 
magnitude lower than the overall activity of Co/Al2O3.  However, CuZnO has been 
shown to exhibit a higher intrinsic activity and a higher amount of active surface 
intermediates for MeOH synthesis when compared to other Cu- or ZnO- based catalysts, 
even Cu- or ZnO-based catalysts supported on Al2O3 and expected to have much better 
active catalyst dispersions [60].  The result for CuZnO is an indication of the synergy 
between Cu and ZnO species to form active sites for MeOH synthesis.  However, it 
should be noted that the TOF0ITK’s for CH4 and MeOH were similar on CuZnO.  
However, CuZnO makes little CH4 because of having few CH4 formation sites (active 
surface intermediates). 
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Most products of CO hydrogenation on Co/Al2O3 at the reaction conditions used in 
this study were hydrocarbons, as expected (Tables 6.2 and 6.3).  The total selectivity for 
oxygenates was less than 2%.  TOF0ITK for MeOH and EtOH were approximately 50% 
and 10%, respectively, of that for CH4, indicating that the rates of formation of MeOH 
and EtOH on the sites were slower than that for CH4.  Because of that and more 
importantly the greater (order of magnitude) concentration of CH4 active intermediates, 
the selectivity for CH4 was 50 times and two orders of magnitude greater than that for 
MeOH and EtOH, respectively.  Similar observations were also found for higher 
hydrocarbons.  Even though most products made by Co/Al2O3 were hydrocarbons, it is 
noteworthy that its ability to produce MeOH, based on site activity (TOF0ITK) for MeOH 
and concentration of active MeOH intermediates (N0MeOH) was comparable as to that of 
CuZnO.  Thus, Co/Al2O3 was technically as good a MeOH synthesis catalyst in terms of 
rate as CuZnO under these reaction conditions.  This ability is just not usually noted due 
to the greater activity of Co/Al2O3 for the synthesis of hydrocarbons which results in a 
low selectivity for MeOH.  The TOF0ITK for EtOH was the lowest for all the products 
made by Co/Al2O3.   
Table 6.2 shows that the combinations of CoCu and Co/CuZnO (Cu-containing Co 
catalysts) exhibited very low activities relative for Co/Al2O3, but the combination of 
CoZnO led to a very high activity for CO hydrogenation.  In addition, their product 
distributions were significantly different from each other.  Although CoCu and CoZnO 
both produced primarily hydrocarbons (> 95%), CoCu produced slightly larger and 
smaller fractions of C2+ hydrocarbons and CH4, respectively, than CoZnO did.  Both 
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CoZnO and CoCu had less than 5% selectivities for the formation of oxygenates.  
Co/CuZnO, however, produced about 60% oxygenates with 30.1% C2+ oxygenates 
(EtOH and ACH). 
The low activities for the Cu-containing catalysts are perhaps somewhat surprising 
on one hand since Cu has been widely suggested to provide the main active sites for 
MeOH synthesis [61-62] and for higher oxygenate synthesis [63-64].  Cu is also a well 
known reduction promoter for Fe-based FTS catalysts [65] and also decreases the 
temperature required for Co reduction [31].  Several studies have found that the activity 
for CO hydrogenation did not change much with the addition of Cu to Co while the 
selectivity altered significantly [21, 66].  Our XRD profiles showed that Co-species were 
X-ray amorphous and likely highly dispersed in the CoCu catalyst even without a 
refractory oxide support.  Therefore, the low activity of CoCu could be possibly due to 
factors other than Co dispersion.  Several factors have been proposed [31, 64, 67] that 
may explain this seeming contradiction between the present study and some others.  The 
most important could be the effective blockage of potentially FTS active sites on the Co 
surface by Cu as well as Cu aggregation due to high loadings of Cu (> 20% in the Cu-
containing catalysts in this study).  Other factors, such as different preparation methods 
or different compositions, especially the presence of alkali species [21, 66], may also play 
a role. 
By comparing the multiproduct SSITKA results for Co/Al2O3 and CoCu, it can be 
seen that the intrinsic activities (TOF0ITK) in making hydrocarbons and higher oxygenates 
were very close (within experimental error) for the two catalysts, except that CoCu had a 
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better ability to produce AcH.  The tremendous difference in reaction rates for the two 
catalysts (Co/Al2O3 >> CoCu) was due to the large difference in the concentration of 
active surface intermediates (N0i) for both hydrocarbons and higher oxygenates. 
It would appear that the presence of ZnO (in CoZnO) may have somewhat enhanced 
the site activities (TOF0ITK) for making CH4 and higher oxygenates (compared to 
Co/Al2O3).  The increased rates for higher oxygenate formation (relative to Co/Al2O3) 
was due to both higher intrinsic activities (TOF0ITK) and greater surface concentrations of 
active sites (N0i).  The formation rates for higher hydrocarbons were also relatively 
higher for CoZnO than Co/Al2O3 because of having more intermediates/active sites.  It 
would appear that ZnO acted as a support for Co, permitting a reasonable Co dispersion 
and leading to the presence of a higher concentration of hydrocarbon and oxygenate 
producing sites on a per g catalyst basis.  Similar observations about ZnO have also been 
made previously for Cu-based catalysts [60, 68]. 
Co/CuZnO exhibited a very low activity for CO hydrogenation, like CoCu.  
Comparing Co/Al2O3 and Co/CuZnO, while the concentrations of intermediates/sites (N
0
i) 
for C2+ oxygenates were essentially the same for both catalysts, the concentrations of 
intermediates/sites for hydrocarbons were reduced by two orders of magnitude.  It was 
this loss of sites for hydrocarbons, not a loss of activity by the sites, that appears to have 
caused the shift in selectivity towards higher oxygenates (and also MeOH) when CuZnO 
was combined with Co.  Intriguingly, the rate of oxygenate synthesis on Co/CuZnO is 
similar to that on Co/Al2O3.  However, this fact is not usually noticed since the rates are 
so low relative to that for hydrocarbons on Co/Al2O3.  The possible synergy of Co, Cu 
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and ZnO appear to decrease hydrocarbon formation relative to oxygenate formation.  The 
dramatic decrease for surface concentration of hydrocarbons is probably not just due to 
blockage by Cu of Co since it is hard to argue that somehow Cu or CuZnO would only 
block hydrocarbon formation without also blocking sites for oxygenate formation.  It 
should be noted that N0CO, the coverage of reversibly adsorbing CO during reaction as 
determined by SSITKA, was about 4 times greater for Co/Al2O3 than Co/CuZnO, 
indicating further the lower dispersion of Co (less exposed Co surface atoms) for the 
latter catalyst.  CO coverage of Co during reaction as determined by SSITKA has been 
shown to be very representative and similar to typical chemisorption measurements for 
Co catalysts used to determine Co dispersion [69].   
Figure 6.5 shows a simplified schematic of the proposed mechanism for the 
formation of hydrocarbons and oxygenates for CO hydrogenation on Co/CuZnO [30].  
CO possibly adsorbs on two different types of sites and reacts with adsorbed hydrogen to 
produce MeOH or hydrocarbons and higher oxygenates, respectively [as shown in Fig. 5, 
paths (I) and (II)].  The significant increase in selectivity for MeOH formation on 
Co/CuZnO comparing to Co/Al2O3 could be due to the synergy of Cu and ZnO species 
(CuZnO), which has been confirmed to produce mostly MeOH, as shown in Figure 6.5, 
path (I).  In Co/CuZnO, 83 wt% of the catalyst was CuZnO in the identical proportions as 
in the CuZnO catalyst.  However, some CO must adsorb on Co sites and produce 
hydrocarbons.  The hydrocarbon intermediates must be able to further react to form C2+ 
oxygenates by insertion of a CHxO-species from the synergy between Co, Cu and ZnO 
species, as shown in Figure 6.5 (II).  In addition, the lower TOF0ITK’s for C2+ oxygenates 
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than hydrocarbons could be another indication that higher oxygenates are formed from 
hydrocarbon intermediates. 
 
 Figure 6.5 A simplified schematic of the proposed mechanism [30] for CO 
hydrogenation on a Co/CuZnO catalyst. 
 
Although CoCu, CoZnO and Co/CuZnO had very different product distributions, 
their TOF0ITK’s for specific products were reasonably similar (the differences are less 
than 50% with some being within experimental error).  TOF0ITK’s for CH4 followed a 
trend of CoZnO > CoCu > Co/CuZnO, which was the same as that found for SSITKA at 
methanation conditions [31].  These results show that ZnO possibly increased the site 
activity for CH4 formation compared to Al2O3-supported Co, but Cu did not.  
In summary, the effects Cu and ZnO have on a Co catalyst were observed in this 
study. The addition of Cu decreased the overall activity, which may be mainly due to the 
blockage by Cu of the Co surface, resulting in small values of N0i for CoCu and 
Co/CuZnO.  The presence of ZnO appeared to increase the site activities for C2+ 
 153
oxygenates, which was reflected by increasing TOF0ITK’s.  However, ZnO also appeared 
to serve to help maintain Co dispersion leading to large values of N0i as well.  The 
combination of Co, Cu and ZnO seemed to combine some of the effects from both Cu 
and ZnO, such as the decrease of the hydrocarbon formation and the maintenance of the 
ability for oxygenate formation.  However, the effects of Cu and ZnO on Co were not 




The relationships between the hydrocarbon and oxygenate products during CO 
hydrogenation on CoCuZnO-based catalysts were investigated for the first time at a site 
level using multiproduct SSITKA.  By comparing the SSITKA results for the various 
catalysts, several conclusions can be made about the combination of Co with Cu and/or 
ZnO: 
(1) Cu alone acts to decrease activity of Co for all products, probably by blockage of 
the Co surface.  Cu does not affect the intrinsic activities for either hydrocarbon 
or oxygenate formation based on the TOF0ITK’s. 
(2) ZnO alone acts as a support (dispersion agent), keeping Co highly dispersed and 
very active for hydrocarbon synthesis.  It appears to also possibly increase the 
site activities for C2+ oxygenates. 
(3) The combination of Cu and ZnO with Co appears to be able to maintain the 
oxygenate synthesis ability of highly dispersed Co (such as for Co/Al2O3) while 
 154
simultaneously decreasing its ability to make hydrocarbons by loss of 
hydrocarbon synthesis sites. 
Previous studies [21, 30] proposed that the combination of Co with CuZnO could 
effectively increase the selectivities for higher oxygenates due to the C1-oxygenate sites 
(-CHxO) contributed by CuZnO.  Higher alcohols were hypothesized to be formed 
through the reaction of a hydrocarbon species and a C1-oxygente entity.  The results from 
this study, however, indicate that Co (in the form of Co/Al2O3) already makes oxygenates 
including higher oxygenates.  This fact tends to be overlooked due to the high 
hydrocarbon activity of Co/Al2O3.  In combination with CuZnO, the hydrocarbon activity 
is so diminished that this oxygenate formation ability become significant not in terms of 
high activity but rather in terms of high selectivity.  Although in absolute terms, the rate 
of formation of C2+ oxygenates was identical on Co/Al2O3 and Co/CuZnO, it is hard to 
argue the partial blockage by Cu of the Co surface decreases the hydrocarbon formation 
rate by two orders of magnitude without affecting C2+ oxygenate synthesis.  Thus, 
synergy between Co-Cu-ZnO cannot be ruled out and perhaps takes a form that in 
essence decreases hydrocarbon desorption before/without –CHxO insertion.  However, it 
is interesting that the formation rate of C2+ oxygenates on Co/Al2O3 is as good as on 
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Ethanol is a potential alternative fuel and one of the practical solutions of the 
environmental crisis in the future.  Although Rh-based catalysts were well-known as the 
most selective ethanol synthesis catalysts, their industrial applications were limited to the 
high cost and the low activity.  The object of this study was to develop effective catalysts 
for ethanol synthesis with lower cost.  Co and CuZnO catalysts have been proposed to be 
the widely-known Fischer-Tropsch Synthesis (FTS) and methanol synthesis catalysts.   
The efforts have been made to probe the role that Co and CuZnO-based catalysts played 
in CO hydrogenation.  The combinations of different components including Co, Cu 
and/or ZnO have also been investigated for CO hydrogenation.  Otherwise, a systematic 
comparison was made for chemisorption close to ambient vs. under reaction conditions 
for Group VIII metal catalysts in this study. 
A study of investigating the catalytic performance for CO hydrogenation on the solid 
base, hydrotalcite (HT), Co-based catalysts was conducted.  10 wt% Co-based catalysts 
were prepared using incipient wetness impregnation method.  Except for HT, pre-
calcined HT (CHT), Al2O3 and MgO were used as supports for comparison purposes.  
These catalysts were characterized by BET surface area and porosity analysis, XRD, 
TEM/STEM/EDX, TPR and H2 chemisorption.  The catalytic activities and selectivities 
for these Co catalysts were evaluated using a fixed-bed reactor at 230oC, 1.8 atm, and 
H2/CO = 2.  The results showed that Co/HT exhibited the highest steady-state reaction 
rates comparing to other Co catalysts.  The effects of different reduction temperatures 
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(300-600oC) for Co/HT were also investigated.  It has been found that the reaction rate 
for Co/HT was highest at a reduction temperature of 500oC.  The product distribution for 
Co/HT obeyed an Anderson–Schulz–Flory distribution and the chain growth probability 
(α) did not change significantly by the different reduction temperatures for Co/HT.  
Combining the characterization and reaction results, the catalytic performance of Co 
catalysts during CO hydrogenation were related to the thermal stability properties of 
hydrotalcite, BET surface area, particle size of Co, the interaction between Co and the 
support, and the reducibility of Co.  HT is a promising support for Co catalysts for FTS 
based on our results.  The reactivity of Co/HT for FTS was comparable with Co/Al2O3, a 
well-known FTS catalyst, without adding any reduction promoter. 
A systematic comparison of the relationship of H2 or CO chemisorption 
measurements at close ambient temperature (25-100oC) vs. under CO hydrogenation 
conditions by steady-state isotopic transient kinetic analysis (SSITKA) was made for a 
wide variety of Group VIII metal catalysts (Co, Fe, Ru, Pt and Rh).  The comparisons 
were made by using the ratios of NT
*/Nchem (amount of chemisorption by SSITKA vs. by 
static chemisorptions) for the various metal catalysts.  The ratio of NT
*/Nchem should be 
close to unity if there exists full coverage of the metal surface at both static 
chemisorption and reaction temperatures.  However, the value of NT
*/Nchem could be 
affected by H2 spillover, carbon deposition, formation of metal carbides, SMSI or other 
mechanisms causing active site blockage.  The ratio of NT
*/Nchem was found to be almost 
always close to unity for Co catalysts with a wide variety of supports and promoters.  
However, larger NT
*/Nchem ratios were typical for Ru catalysts supported on SiO2 without 
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promoters (V promotion on Rh/SiO2 resulted in the H2 chemisorption suppression).  
Values much smaller than unity can be observed for both Fe and Pt catalysts.  Apparently, 
Co is the best candidate for using chemisorption measured at reaction temperature by 
SSITKA.  SSITKA can be applied as a complementary technique to static chemisorption, 
XRD line broadening, and TEM for estimating metal dispersion and metal particle size. 
CuZnO-based catalysts for MeOH synthesis have received a great deal of attention in 
the past for their high MeOH selectivity.  This study, however, explored for the first time 
at a site level the impact of components and a Al2O3 support on CuZnO-based catalysts.  
The catalytic properties of the catalysts for CO hydrogenation were investigated using a 
differential fixed bed reactor at 250°C and 1.8 atm, and a ratio of H2/CO = 8.  Surface 
kinetic parameters were able to be determined by SSITKA results.  SSITKA 
measurements were carried out at the same conditions as CO hydrogenation.  CO 
hydrogenation results suggested that the overall reaction activity of CuZnO-based 
catalysts were higher than catalysts with only Cu or ZnO components, indicating some 
synergy between Cu and ZnO species, but not orders of magnitude higher.  DME is a 
secondary reaction product from the dehydration of MeOH and produced only on the 
acidic sites on the surface of Al2O3 when it was presented as a support.  The rates of 
DME formation had a linear dependency with the corresponding partial pressure of 
MeOH and were found to be limited mainly by the concentration of produced MeOH.  
Surface reaction parameters should be corrected for readsorption effects for MeOH and 
DME.  It was found from the SSITKA results that: (1) The difference in reaction rates for 
CuZnO and CuZnO/Al2O3 was due to the better dispersion of CuZnO.  The same values 
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of residence time in making MeOH for the two catalysts suggested that the only function 
of Al2O3 was to increase the CuZnO dispersion and provide acidic sites for DME 
production; (2) Supported Cu and ZnO catalysts (Cu/Al2O3 and ZnO/Al2O3 catalysts) 
exhibited lower MeOH formation rates compared to CuZnO/Al2O3 due to both their 
lower intrinsic activities and lower surface concentrations of intermediates, indicating 
some synergy between Cu and ZnO, but the synergy does not result in an order-of-
magnitude increase in site activity; (3) CuZnO/Al2O3 and ZnO/Al2O3 did not produce 
hydrocarbons at steady-state, but Co/Al2O3 did.  This seems to imply that the presence of 
ZnO inhibits the hydrocarbon formation ability of Cu. 
The relationships between the hydrocarbon and oxygenate products during CO 
hydrogenation on CoCuZnO-based catalaysts were investigated for the first time at a site 
level by SSITKA.  Several conclusions about the role Cu and ZnO played in Co catalysts 
could be made: (1) Cu might block the surface of Co and resulted in the decrease in 
activity for all products; (2) The presence of ZnO might possibly increase somewhat the 
site activities for both hydrocarbon and C2+ oxygenates.  ZnO appeared to act as a support 
to maintain Co highly dispersed and active for hydrocarbon and higher oxygenate 
production; (3) The addition of Cu and ZnO into Co was be able to maintain the 
oxygenate synthesis ability while decreasing the ability of making hydrocarbons.  
Although previous studies showed that the combination of Co with CuZnO could 
effectively increase the selectivities for higher oxygenates, our results showed that Co (in 
the form of Co/Al2O3) already has the ability to make oxygenates, including higher 
oxygenates.  This fact tends to be neglected due to the extremely high hydrocarbon 
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acidity.  However, it is hard to argue at this time the blockage by Cu of the Co surface 
decreases the hydrocarbon formation rate by two orders of magnitude without affecting 
C2+ oxygenate synthesis.  The new synergy between Co, Cu and ZnO cannot be ruled out 
and probably takes a form that in essence decreases hydrocarbon desorption before or 



















The TOS activities and selectivities for CO hydrogenation on 20Cu/Al2O3 and 
20ZnO/Al2O3 





















5 - - - - - - - 
25 - - - - - - - 
45 0.013 100 0.013 0 0.000 0 0.000 
60 0.018 100 0.018 0 0.000 0 0.000 
90 0.025 100 0.025 0 0.000 0 0.000 
120 0.035 89.7 0.031 3.4 0.001 6.9 0.002 
150 0.043 86.3 0.037 6.6 0.003 7.7 0.003 
180 0.051 83.3 0.042 7.8 0.004 8.9 0.005 
210 0.059 76.4 0.045 10.9 0.006 12.7 0.007 
240 0.065 73.1 0.048 12.2 0.008 14.7 0.010 
300 0.07 69.5 0.049 14.2 0.010 16.3 0.011 
360 0.07 68.4 0.048 14 0.010 17.5 0.012 
a Catalyst: 1g, inert (α-Al2O3): 2g.  Reaction was carried out at 250
oC; PT = 1.8 atm, flow 
rate = 30 mL/min (H2: He: CO = 8:1:1.).  All reactions were carried out at differential 
conversions with % CO conversion < 5%.  Max. error = ±5%. 

























5 - - - - - - 
25 - - - - - - 
45 - - - - - - 
60 0.007 33 0.002 67.2 0.005 0 0 
90 0.01 27.8 0.003 72.2 0.007 0 0 
120 0.018 13 0.002 55.2 0.010 31.8 0.006 
150 0.025 9.2 0.002 55.4 0.014 35.4 0.009 
180 0.032 0 0.000 56.1 0.018 43.9 0.014 
210 0.039 0 0.000 53 0.021 47 0.018 
240 0.046 0 0.000 51.7 0.024 48.3 0.022 
300 0.045 0 0.000 49.4 0.022 50.6 0.023 
360 0.048 0 0.000 49.6 0.024 50.4 0.024 
a Catalyst: 1g, inert (α-Al2O3): 2g.  Reaction was carried out at 250
oC; PT = 1.8 atm, flow 
rate = 30 mL/min (H2: He: CO = 8:1:1.).  All reactions were carried out at differential 
conversions with % CO conversion < 5%.  Max. error = ±5%. 




SSITKA methanation results for the various K+-doped Pt/C catalysts 
[As published in Journal of Catalysis, 280 (2011) 89-95] 
 



















00K/Pt 74 2.4 30 5.0 0.37 0.20 26.3 
20K/Pt 64 2.3 29 4.8 0.31 0.21 28.5 
40K/Pt 55 2.4 30 4.8 0.25 0.20 27.9 
80K/Pt 47 2.5 32 4.8 0.20 0.21 28.2 
a Rate of CH4 formation: Error = ±2 * 10-3 μmol/g cat-s. 
b Average surface residence time of rev. ads. CO: Error = ±0.2 s. 
c Surface concentration of rev. ads. CO: Error = ±5%. 
d Surface concentration of carbon-containing intermediates leading to CH4: Error = ±4%. 
